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ABSTRACT
The work presented in this thesis complements that of our research group, 
investigating the thermal stability, halophilicity and psychrophily of a range of 
archaeal enzymes. Citrate synthase has been chosen as a model to investigate 
protein thermostability.
1) The 3D structure of citrate synthase from Thermoplasma acidophilum, a 
moderately thermophilic Archaeon, was homology modelled. The model was then 
compared to the later-determined crystal structure of the enzyme to investigate the 
validity of the modelling technique. The results of the analysis suggest that the 
most sensitive areas of the procedure are the multiple sequence alignment and the 
manual technique employed.
2) The structures (primary to quaternary) of the citrate synthases from pig and 
Tp. acidophilum were used in a comparative analysis in order to identify features 
that may play a role in conferring thermal stability upon the archaeal enzyme. The 
trend from mesophile to thermophile, appears to be towards a more compact and 
potentially less flexible molecule, achieved in the thermostable protein through 
additional interactions, fewer cavities, increased a-helix stability, better 
complementarity between the subunits of the dimer and an absence of flexible 
regions, such as loops and surface helices. The role of three of the features was 
investigated by site-directed mutagenesis, and in each case pig citrate synthase 
was mutated to possess the archaeal properties.
(a) The level of hydrophobic interactions at the subunit interface was increased, 
resulting in mutant proteins that were slightly less thermostable, and with an altered 
catalytic efficiency. These differences appear to be due to small conformational 
changes within the secondary and tertiary structures of the mutants.
(b) Cavity-filling mutants and a truncated mutant of pig citrate synthase were also 
created. In both cases, the proteins were expressed in E. coli in inactive forms.
These site-directed mutagenesis results did not lead to the identification of positive 
stabilising features in citrate synthase and thus alternative pathways for 
investigating thermostability in the enzyme are also discussed.
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The work presented in this thesis aims to contribute to our understanding of the 
structural basis of protein thermostability. We have chosen the Archaea as a 
source of hyperstable proteins to study and have selected one enzyme, citrate 
synthase, to analyse in detail. Therefore, the introduction to this thesis concerns a 
detailed description of the chosen enzyme, citrate synthase, a brief account of the 
Archaea, and finally a consideration of what is currently known about protein 
thermostability.
1.1.1 COMPARATIVE ANALYSES OF CITRATE SYNTHASE
Citrate synthase is a central metabolic enzyme found in virtually all known 
organisms. It is the first enzyme of the citric acid cycle (Fig. 1.1), controlling the 
entry of carbon units into the cycle [Krebs & Lowenstein, 1960]. The reaction 
catalysed by citrate synthase involves the condensation between oxaioacetate and 
acetyl coenzyme A to form citryl coenzyme A, with subsequent hydrolysis to form 
citrate and coenzyme A.
Citrate synthases from the domains Eucarya and Bacteria have been compared. 
Studies reveal a correlation between the taxonomic status of the organism and the 
subunit composition, catalytic activity and regulatory properties of the enzyme 
[Weitzman & Danson, 1976; Weitzman, 1981; Danson, 1988]. Those from Eucarya 
and Gram-positive Bacteria exist as dimers that are isosterically inhibited by ATP, 
whilst the citrate synthases from Gram-negative bacteria are hexameric and are
1
allosterically inhibited by NADH, showing no regulatory response to ATP. The 
exceptions to this rule are the dimeric citrate synthases from the Gram-negative 
organisms Coxiella burnetii, Rickettsia prowazekii and Thermus aquaticus that are 
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Fig. 1.1 Citric acid cycle illustrating the position of citrate synthase.
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The presence of citrate synthase in ail three archaeal phenotypes has been 
demonstrated [Danson et a i, 1985]. It has been shown that the enzymes from the 
Archaea Sulfolobus acidocaldarius, Thermoplasma acidophilum, Haloferax volcanii 
and Pyrococcus furiosus are dimeric and possess similar regulatory and catalytic 
properties to the dimeric citrate synthases from Eucarya and Gram-positive Bacteria 
[Smith et a!., 1987; Lohlein-Werhahn et a i, 1988; Grossebuter & Gorrisch, 1985; 
James et a i, 1991; Muir eta!,. 1995].
All citrate synthases comprise identical subunits with relative molecular masses of 
approximately 45,000 Da. The hexamer is thought to function as a trimer of dimers 
[Else et a i, 1988] and thus it would seem that the oligomeric status influences the 
regulatory properties of the enzyme. A second citrate synthase gene has been 
identified in E. co//[Patton et a i, 1993] and Pseudomonas aeruginosa [Anderson et 
ai, 1993]. Both of these additional citrate synthases are truncated and, from the 
limited sequence information of their N-terminal peptides, they appear to align more 
closely with the Tp. acidophilum citrate synthase sequence than they do to their own 
hexameric citrate synthase.
1.1.2 STRUCTURE OF CITRATE SYNTHASE
There is an expanding database of structural information concerning citrate 
synthase. Amino acid sequences of the enzyme are available from 20 different 
sources, with representatives from the Eucarya, Bacteria and the Archaea 
(Table 1.1). Two of the sequences are from archaeal sources, the moderate 
thermophile Tp. acidophilum and the hyperthermophile P. furiosus, and three of the 
proteins are thermostable, that is the two archaeal enzymes, and a third from the 
thermotolerant Bacillus coagulans (strain C4). There are also two archaeal citrate 
synthase N-terminal peptide sequences, derived from the halophile H. volcanii, and 
the extreme thermophile S. solfataricus.
3
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Table 1.1 Sources of citrate synthases for which amino acid sequences are available. The Data 
Bank Accession numbers are shown for those that are not published sequences.
The crystal structures of citrate synthase from pig heart and chicken heart have 
been solved by multiple isomorphous replacement to 2.0 A and 1.7 A, respectively 
[Remington et a i, 1982]. There are two crystal forms of the enzyme, the tetragonal 
'open' form in the absence of ligands, and the monoclinic 'closed' form which was 
crystallised with citrate and coenzyme A bound. The crystal structure of the open 
form of Tp. acidophilum citrate synthase has also been solved to 2.5 A by molecular
4
replacement [Russell et al., 1994]. The crystal structure of a hexameric citrate 
synthase has not yet been determined, although the protein from E. coli has been 
crystallised [Rubin e ta l., 1983].
The crystal structure of pig citrate synthase reveals that 315 of the 437 residues 
(72%) form a-helices; these are labelled A to T and are shown below (Table 1.2). 
There are also two small p-strands. The 3D structure of Tp. acidophilum citrate 
synthase is very similar to that from pig, with an overall rms deviation of 2.27 A for 
the 356 a-carbon atoms that have been refined. The structure of the archaeal 
citrate synthase does not include the initial 6 N-terminal residues, nor the final 14 
C-terminal residues, due to poorly-defined electron density in these areas. The 
a-helical content of the archaeal structure is 57% of all the residues refined. The 
16 helices of the archaeal structure are labelled using the same nomenclature as for 
pig citrate synthase and are shown in Table 1.2.
The subunit interface of the citrate synthase dimer is made up of a four helices (F, 
G, M and L) that are anti-parallel to the same four of the other subunit. Upon dimer 
formation a region of the monomer surface becomes inaccessible to solvent, 
approximating to 28% and 20% for the pig and archaeal citrate synthases, 
respectively. In pig citrate synthase the majority of the residues for which solvent 
accessibility decreases by more than 5 A2 are hydrophobic, and almost every 
residue that is hydrophilic is involved in intersubunit hydrogen bonds and salt 
bridges. In both structures, wrapped around the interface helical sandwich is a pair 
of anti-parallel helices, I and S, which both bend smoothly. Helix I of the pig 
enzyme contains a Pro residue that is thought to induce the bending, whilst 
Tp. acidophilum citrate synthase contains a serine at the equivalent position. 
Helices A, P and R in the pig enzyme structure are also kinked, the former two due 
to intrahelical Pro residues.
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PIG CS TP. ACIDOPHILUM  CS
A Asn 5 - Gly 29
B Thr 37 - Gly 43
C Ser 70 - Leu 78 C Val 37 - Ala 43
D Leu 88 - Gly 99 D Asp 47 - Tyr 56
E Thr 103 - Ala 118 E Glu 62 - Val 74
F Pro 121 - Phe 131 F Asp 80 - Arg 87
G His 136 - Ser 152 G Ala 95 - Ser 109
H Asn 153 - Gly 161 -
1 His 163 - Arg 195 1 Asp 120 - lie 142
J Asp 208 - Gly 218 J Tyr 156 - Phe 165
K Asp 221 - Ser 236 K Lys 171 - Tyr 183
L Asn 242 - Leu 255 L Ala 191 - Val 200
M Asp 257 - Gly 271 M Asp 206 - Leu 217
N His 274 - Glu 291 N Ala 225 - lie 236
O Ser 297 - Gly 312 O Val 242 - Asn 249
P Asp 327 - Leu 341 P Pro 270 - Ser 283
Q Asp 344 - Gly 365 Q Lys 287 - Phe 307
R Asn 373 - Gly 386 R Thr 317 - lie 327
S Met 390 - Gly 416 S lie 335 - Glu 359
T Ser 426 - Leu 433
1 Val 57 - Pro 60 1 Thr 21 - Asp 24
2 Glu 62 - Arg 65 2 lie 29 - Tyr 32
- 3 Tyr 35 - Ser 36
Table 1.2 Residues involved in the secondary structural elements of citrate synthase (CS) from pig 
and Tp. acidophilum. The nomenclature for pig citrate synthase is used for both 
enzymes, where the a-helices are labelled A to T and the p-strands are labelled 1 to 3.
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1.1.3 C A TA LYTIC  MECHANISM  OF C ITRATE SYNTHASE
The monomer of citrate synthase can be divided into two domains, a small domain 
consisting of helices N, O, P, Q and R, and a large domain. The orientation of the 
domains is significant for citrate synthase catalysis. From binding studies and 
Michaelis-Menten rate behaviour there is evidence for an ordered reaction 
mechanism, with oxaloacetate binding first [Johansson & Pettersson, 1974]. The 
affinity for acetyl coenzyme A increases at least 20-fold when oxaloacetate is 
previously bound, indicating strong heterotropic cooperativity [Johansson & 
Pettersson, 1977]. From crystallographic studies of the substrate-bound pig 
enzyme, substrate binding has been shown to coincide with a change in protein 
conformation [Remington et al., 1982], the small domain rotating 18.5° relative to 
the large domain, thus enclosing the oxaloacetate in a 'pocket' whilst forming a 
binding-site for acetyl coenzyme A. The closed form is more compact than the open 
form with a decrease of approximately 7% of solvent-accessible surface area upon 
transition from open to closed forms. This compactness of the molecule may be a 
factor that explains the increased stability to denaturation of citrate synthase bound 
with oxaloacetate or inhibitors [Srere, 1963].
The catalytic mechanism has been studied extensively in pig heart citrate synthase 
through work on crystal structures of the enzyme bound to substrates, substrate 
analogs, transition state analogues and products [Karpusas et al., 1990, 1991; 
Remington, 1992], and also by site directed mutagenesis of active site residues 
[Alter et al., 1990; Zhi et al., 1991]. The residues involved at the active site of the 
pig enzyme, and also the putative residues in Tp. acidophilum citrate synthase are 
shown below (Table 1.3). The archaeal residues have been identified by docking 
the substrates into the crystal structure of Tp. acidophilum citrate synthase to 
indicate possible interactions. There are two independent active sites per dimer 
with residues from both subunits contributing to each. The C-terminal arm of each 
monomer lies within a groove in the opposite subunit and provides catalytic residues 
(Fig. 1.2).
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PIG CS TP. ACIDOPHILUM  CS
Arg 46 Arg 364
Arg 164 Arg 366
His 238 His 187
His 274 His 222
His 320 His 262
Arg 324 Lys 266
Arg 329 Arg 271
Lys 368
Asp 375 Asp 317
Arg 401 Arg 344
Arg 421 Arg 361
Table 1.3 Active site residues of pig citrate synthase [Remington et al., 1982] and the analogous
residues in Tp. acidophilum citrate synthase that perform the equivalent interactions to 
the pig enzyme residues. Those amino acids in bold are contributions from the second 
subunit in the dimeric molecule. The catalytic residues are shown in italics.
Remington [1992] has proposed that the reaction mechanism of pig citrate synthase 
progresses in three stages (Fig. 1.3). The first step is the enolisation of acetyl 
coenzyme A involving a concerted acid-base mechanism. His 274 protonates the 
carbonyl oxygen of the acetyl coenzyme A, whilst Asp 375 simultaneously 
deprotonates the methyl group of the substrate. This step is followed by the 
condensation of the enol with oxaloacetate, using a second acid-base mechanism. 
His 320 protonates the carbonyl oxygen of oxaloacetate, whilst His 274 is 
reprotonated in preparation for the next catalytic cycle. The carbanionic methyl 
group of the acetyl coenzyme A nucleophilically attacks the activated carbonyl of 
oxaloacetate to form the intermediate citryl coenzyme A. The final step is the 
hydrolysis of this intermediate at the thioester bond to release citrate and coenzyme 
A. This step is not fully understood but two mechanisms have been proposed. 
Remington [1992] suggests that Asp 375 protonates the sulphur of acetyl coenzyme 
A which is then susceptible to hydrolysis by an activated water molecule 
(Fig. 1.3(a)). Alter et al. [1990] propose that Asp 375 and the intermediate form an 
anhydride complex, releasing coenzyme A, but remaining susceptible to attack by 
an activated water molecule to release citrate (Fig. 1.3(b)).
8
Fig. 1.2 The a-carbon trace of the closed form of the pig citrate synthase dimer (subunits are coloured red or yellow). The substrates (blue) are shown also. Note how 
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Fig. 1.3 The Remington model for the catalytic mechanism of pig citrate synthase [Remington, 
1992]. There are three steps: 1. Enolisation of acetyl coenzyme A
2. Condensation with oxaloacetate
3. Hydrolysis to release citrate and coenzyme A.
There are two proposed mechanisms for the hydrolysis step proposed by Remington [1992] 




It was once said that the genome of an organism is the ultimate record of its 
evolutionary history. The rapid progress in molecular biology techniques witnessed 
in the last couple of decades has enabled a part of that history to be deciphered. 
Until 1977, all organisms were classified as belonging to one of two kingdoms, the 
Eukaryota and the Prokaryota. This classification was particularly unsound, 
foremost since it was initially based upon on negative facts, such that Prokaryotes 
were classified by their lack of morphological characteristics. Then, in 1977, from 
extensive molecular characterisation of 16S and 18S rRNA molecules from a variety 
of organisms Carl Woese and colleagues proposed that all living organisms could 
be divided into three taxonomic groups arising from individual lines of descent 
[Woese & Fox, 1977]. The Archaebacteria, as they were termed, were a newly- 
recognised group in their proposal that were phylogenetically distinct from the 
Eucaryotes and the Eubacteria. Today all organisms are classified as either 
Eucarya, Bacteria or Archaea [Woese et al., 1990], the term bacteria having been 
dropped from Archaebacteria to denote their truly separate nature from the other 
prokaryotes. Additional theories on the phylogenetic relationships between 
organisms are still emerging using criteria other than rRNA sequences; however, 
Woese's theory of universal phytogeny [Woese & Olsen, 1986; Woese et al., 1990] 
is the most widely accepted proposal at the present.
The comparisons of whole 16S and 18S rRNA sequences from organisms 
representing all three domains [referenced in Woese & Olsen, 1986] were used for 
the proposal of universal phytogeny. The methods of analysis used to construct the 
phylogenetic tree were distance matrix and maximum parsimony algorithms. 
Initially, only partial rRNA sequences were available and so only the three major 
subgroups of the Archaea were defined [Woese et al., 1978], these being the 
halophiles, the methanogens and the thermophiles. As whole rRNA sequences
11
were determined then the branching order within the Archaea could be defined 
[Woese & Olsen, 1986] (Fig. 1.4). This tree is supported by well-defined archaeal 
phenotypic data [for review see Woese and Wolfe, 1985; Kates et al., 1993].
The phylogenetic tree proposed by Woese from 16S rRNA sequences was rooted 
using data from two sets of duplicated genes selected by Iwabe and co-workers 
[Iwabe et al., 1989]. The genes encoding the a and p subunits of Fi ATPases and 
elongation factors EF-1a and EF-2 each duplicated before the proposed divergence 
of the progenote into the three domains of life. The positioning of the root of the 
tree has been supported by additional data from amino-acyl tRNA synthetase 
protein sequences [Brown & Doolittle, 1995].
Bacteria Archaea Eucarya
Animals




HalophilesGram Cren- Methano- 












Fig. 1.4 (a) The universal rooted phylogenetic tree proposed by Woese et al., [1990] from 16S and 
18S rRNA sequence comparisons using distance matrix and maximum parsimony 
algorithms. The tree was rooted using data from the duplicated genes encoding the a  and 














Fig 1.4 (b) Phylogenetic tree showing the branchings within the domain Archaea [Woese & Olsen, 
1986]
Any molecule chosen as a molecular chronometer must be fundamental and 
essential to all living organisms since it is used to infer their evolutionary history. 
The 16S and 18S rRNA molecules, used by Woese, are ideal molecular 
chronometers with which to measure phylogenetic relationships since they are 
functionally conserved, ubiquitous to all organisms, easily isolated, and are a 
composite of both highly-conserved regions and more varied regions, allowing the 
phylogenetic relationship between both distantly related and closely related species 
to be measured. Other molecules and methods of analysis have been used to 
construct phylogenetic trees; similar algorithms to that of Woese have been used to 
analyse 5S rRNA secondary structural features [Fox et al., 1982; Wolters & 
Erdmann, 1986], the structure of DNA-dependent RNA polymerases [Zillig et al., 
1985, 1989], ATPase gene sequences [Gogarten et al., 1989], glutamate 
dehydrogenase gene sequences [Forterre et al., 1993; Benachenhou-Lahfa et al.,
1993], and 70 kDa heat shock protein sequences [Gupta & Singh, 1994]. In 
addition, a phylogenetic tree has been proposed from the comparison of 16S rRNA 
sequences using an evolutionary parsimony algorithm [reviewed in Lake, 1991].
The two additional phylogenetic trees that have generated most discussion, and 
critical reviews from Woese [Woese & Olsen, 1986; Woese, 1987; Olsen & Woese, 
1989], are those proposed by Zillig et al. [1989] and Lake [1991] (Fig. 1.5). From
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the structural comparisons of DNA-dependent RNA polymerases, Zillig proposes 
that the Eucarya arose as the result of a fusion between the Bacteria and the 
Archaea, and supports his theory with data describing the shared characteristics 
between the Eucarya and Archaea, and the Eucarya and Bacteria. The chimeric 
origins of the Eucarya have also been suggested by Gupta's group [Gupta & Singh, 
1994; Golding & Gupta, 1995]. Lake [1991], using a different part of the 16S rRNA 
sequence to Woese, employed an algorithm that claims to take into account the 
unequal-rate effect, i.e. the differing rates of evolution of either a protein or a 
genetic marker. Lake proposes that the Archaea are polyphyletic with the 
halophiles and methanogens grouped with the Bacteria and the thermophiles 








Fig. 1.5 (a) Schematic representation of the fusion hypothesis for the generation of the Eucaryotes, 
as proposed by Zillig et al. [1989] from structural comparisons of DNA-dependent RNA 
polymerases, using a maximum parsimony algorithm. The dotted lines indicate the 
acquisition of mitochondria and chloroplasts. The intermediary lines X, Y and Z indicate 
how for certain molecules certain lineages could branch from the eucaryotic lineage. 
Molecules inherited from a eubacterial ancestor (eg. pol 1) and from an archaebacterial 
ancestor (eg. pol 2 and pol 3) are marked by an alternating dot-dash line and a dashed 
line, respectively
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Fig. 1.5(b) Phylogenetic tree, unrooted, proposed by Lake [1991] from 16S and 18S rRNA 
sequences, using an evolutionary parsimony algorithm.
1.2.2 ARCHAEAL PHENOTYPES
The Archaea encompass three basic phenotypes: methanogenic, halophilic and 
thermophilic, with some species possessing more than one phenotype, for example 
the thermophilic methanogens. These are grouped together as the Euryarchaeota 
(methanogens, extreme halophiles and thermophiles) and the Crenarchaeota 
(sulphur-dependent thermophiles). Woese proposes that the Euryarchaeota are 
evolutionary closer to the Eucarya. Recent developments have led to the 
possibility of determining rRNA sequences from organisms that have not yet been 
cultured, using the technique of polymerase chain reaction (PCR) [Barns et al.,
1994]. The results have expanded the diversity of archaeal species and also 
suggested that the divide between the Euryarchaeota and the Crenarchaeota may 
be less well defined than originally thought. With the use of the PCR technique it
has also been revealed that the Archaea are abundant in particular marine habitats 
where the ambient temperatures range from -1.5°C to 15°C [Fuhrman et al., 1992; 
DeLong et al., 1994], thus forming a novel phenotypic archaeal group, the 
psychrophiles, in addition to those three phenotypes mentioned above.
The Methanogens:
The methanogens are the most common of all the Archaea, found in most 
anaerobic habitats such as soil, sewage sludge and ruminant guts. They are also 
the most diverse with mesophilic, thermophilic and halophilic representatives. All 
methanogens are characterised by their possession of a highly complex and novel 
methanogenesis pathway for the reduction of simple carbon compounds such as 
methanol, CO, C 0 2 and acetate to methane [for reviews see Daniels, 1993; 
Schonheit, 1993; for reviews of archaeal metabolic pathways see Danson, 1988; 
Danson & Hough, 1992].
The Halophiles:
The halophiles require high sodium chloride concentrations for growth and are 
found in hypersaline environments, such as solar salterns, where the extracellular 
concentration of sodium salts is between 2-5 M. Some halophiles have an 
additional requirement for high pH and can be found in soda lakes (pH 9-10). The 
intracellular conditions are isotonic with the extracellular conditions, but are 
potassium chloride instead of sodium chloride, and consequently halophilic proteins 
have an obligate requirement for high ionic strength in order to function optimally.
The Thermophiles:
The thermophiles are a diverse group of organisms, with a wide range of 
physiological and biochemical properties [reviewed in Gottschal & Prins, 1991]. All 
thermophiles are characterised by their high growth temperatures. Moderate 
thermophiles have an optimum growth temperature of at least 50°C, extreme 
thermophiles of at least 65°C, and hyperthermophiles of at least 85°C. The aerobic
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sulphur-dependent thermophiles can also be acidophilic and grow in acidic 
conditions as low as pH 1. The most common thermophilic habitats are between 
40°C-70°C, such as solar-heated soil and decaying vegetation. However, most 
characterised archaeal thermophiles are hyperthermophiles and are usually found in 
geothermally heated springs and pools.
1.2.3 BIOTECHNOLOGY OF THE ARCHAEA
One of the major reasons for the increasing interest in the study of the Archaea is 
the opportunities that these organisms can contribute to the development of 
biotechnology [for reviews see Hough & Danson, 1989; Danson et al., 1992; 
Cowan, 1992]. As a result of the nature of the extreme environments that the 
Archaea are capable of inhabiting these organisms possess a wealth of adapted 
phenotypic characteristics that can be exploited. Indeed, many Archaea have 
already been exploited over the past decade; for example, the use of anaerobic 
methanogens to produce the fuel, methane, is an established technology, as is the 
use of halophiles in food processes such as the production of fish paste, and many 
stable enzymes from the thermophiles are currently employed in high-temperature 
applications.
1.2.4 THERMOPLASMA ACIDOPHILUM
The Archaeon Tp. acidophilum is the source organism of the thermostable citrate 
synthase required to investigate protein stability.
Tp. acidophilum is a thermoacidophilic Archaeon, first isolated from a coal refuse 
pile in Indiana, USA [Darland et al., 1970]. Since then it has been found in 
naturally-occurring hot springs and sulphataric fields [Segerer et al., 1988]. The 
organism grows between 45-62°C, with an optimum growth temperature of 57°C, 
and between pH 1-2. From studies of 16S rRNA sequences it was proposed that
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Tp. acidophilum groups with the Euryarchaeotes, even though the Archaeon 
phenotypically resembles those organisms of the Crenarchaeota group [Yang et al., 
1985]. More recent studies of 23S rRNA suggests that Tp. acidophilum actually 
stems from an ancient, and possibly unique, divergence within the archaeal domain 
(Fig. 1.6) [Ree et al., 1993]. This result is consistent with an analysis of DNA- 
dependent RNA polymerases from Tp. acidophilum and other Archaea [Klenk et al., 
1992]. Clearly, the true phylogenetic position of Tp. acidophilum within the Archaea 
will not be elucidated without further comparative analyses.
Since Tp. acidophilum grows optimally at moderately-high temperatures and in 
acidic conditions, it must possess features that allow the organism to withstand 
these extremes. The organism does not have a rigid cell wall, and is rather 
amoeboid in nature; It may be that this characteristic is a nutritional adaptation, 
where flexibility of the cell membrane allows maximum contact and utilisation of 
insoluble substrates such as elemental sulphur [Searcy, 1986]. The lipids found in 
the cell membrane of Tp. acidophilum are typical of those in the Archaea, in that 
they are mainly isoprenyl glycerol ether-linked lipids, compared to the usual fatty 
acid glycerol ester-linked lipids of the Eucarya and the Bacteria [reviewed in 
Gambacorta et al., 1994]. In addition, all glycerol ethers in the Archaea possess the 
unusual 2,3-sn stereochemistry. This lipid composition reflects the essential 
stabilising adaptation of the organisms to extremophily and also acts as a useful 
marker for archaeal taxonomy.
Although Tp. acidophilum grows in very acidic conditions, the internal pH of the 
cytoplasm is maintained at pH 6. The organism does not possess the proton- 
translocating ATPase, which is used in other prokaryotes and the Archaea to 
regulate the internal pH. It is thought that the absence of the enzyme could be due 
to the extreme nature of its habitat and instead the internal condition of the cell is 
maintained with a short membrane-bound electron transport chain [Searcy, 1986].
The DNA of Tp. acidophilum has a G+C base composition of 46 % [Christiansen et 
al., 1975] and is involved in interactions with a histone-like protein, HTa, reducing
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the susceptibility to thermal denaturation [Searcy, 1975; Stein & Searcy, 1978; 






















Fig. 1.6 Phylogenetic tree of the Archaea based on 23S rRNA sequences. The sequence of the 
23S rRNA from B. subtilis was used as an outgroup to root the tree [Ree et al., 1993].
The thermostabilising features of Tp. acidophilum proteins were not well 
documented, until recently. A limited number of proteins from this organism have 
been sequenced, for example, Hta [Delange and Williams, 1981], elongation 
factors-1 and -2 [Tesch & Klink, 1990; Pechmann et al., 1991], ferredoxin 
[Wakabayashi et al., 1983], glucose dehydrogenase [Bright et al., 1993] and citrate 
synthase [Sutherland et al., 1990]. Sequence comparisons of these proteins shed 
little light on the putative stabilising properties; however, recently, the crystal 
structures of glucose dehydrogenase and citrate synthase from Tp. acidophilum 
were determined and have been used in structural comparative analyses to identify 
possible thermostabilising features [John et al., 1994; Russell et al., 1994].
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1.3 PROTEIN THERMOSTABILITY
Defining protein thermostability, and usually the accompanying stability to solvents 
and denaturants, has an importance to the development of biotechnological 
applications, and also to the fundamental understandings of the forces that play a 
part in protein folding and inactivation. The conformational stability of a protein is 
defined as the difference in free energy between the folded and unfolded states, 
with the native conformation possessing the global free energy minimum relative to 
all other states. The difference in the values of free energy is low, between 5-15 
kcal/mol [Pace, 1990], surprisingly so since it has been possible to construct small 
proteins with higher conformational stability [Regan & Degrado, 1988]. This 
seemingly low stability for natural proteins may be connected with their in vivo 
turnover and regulation.
Protein conformational stability is determined by the relationship between opposing 
energetic forces represented by enthalpic and entropic terms. The enthalpic term 
includes the forces that play a major role in stabilising the native state of the protein 
and include van der Waals interactions, salt bridges, hydrophobic interactions, 
hydrogen bonds, and covalent interactions such as disulphide bonds. The entropic 
term includes conformational entropy which is a measure of the mobility within a 
molecule, and as such is the major force opposing protein folding [reviewed in Dill, 
1990; Jaenicke, 1991].
Although the research into protein stability is progressing, we are still far away from 
defining a group of properties that are unique to thermostable proteins. However, 
some general trends, termed 'traffic' rules, are emerging. It appears that in the 
majority of cases so far investigated, stability is not the function of a single feature 
but instead an accumulation of properties that all make small contributions.
There are three main areas of research into protein stability: (a) Comparative 
analyses between mesophilic and thermophilic protein sequences have been 
conducted, the results of which form the basis of the majority of the traffic rules that 
have been proposed; (b) The 3D structures of mesophilic and thermostable
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homologs also have been used in comparative analyses, verifying and adding to the 
traffic rules; (c) Finally, denaturation studies, on both wild-type proteins and site 
directed mutants, mainly of small monomeric structures, have been used to both 
identify new and test proposed features of the traffic rules. All methods are 
insufficient alone, but together they complement each other and can provide a fuller 
characterisation of stability in a given protein.
1.3.1 COMPARATIVE SEQUENCE ANALYSES
The most extensive comparative analysis carried out on amino acid sequences was 
conducted by Menendez-Arias and Argos [1989], involving 65 sequences from six 
different protein families, with at least one thermostable representative in each 
family and also the 3D structure known for at least one member. The results of the 
analysis describe the ten most frequent amino acid exchanges going from 
mesophile to thermophile, together with the change in hydrophobicity induced and 
the respective preferred location of the exchange (Table 1.4). In short, as 
thermostability increased so did the hydrophobicity of the protein, whilst the 
flexibility decreased. The most sensitive areas to these exchanges were a-helices, 
especially in exposed positions, and at domain/subunit interfaces.
There appear to be three prominent trends in the exchanges. Most markedly, the 
Ala content, particularly of helices, was increased. Ala has been shown to be the 
amino acid with the highest helical propensity and is known to stabilise these 
secondary structures [O'Neil & Degrado, 1990; Horovitz et al., 1992]. The 
mechanism of helix stabilisation is as a result of the restriction in the conformational 
freedom of Ala in the unfolded state, such that the loss in entropy upon helix 
formation is smaller than for any other residue [O'Neil & Degrado, 1990]. A second 
trend is the exchange of Lys to Arg in exposed regions of the protein; this pattern is 
thought to be connected to the increased solvation of Arg compared to Lys, and 
controlled guanidination of solvent-exposed Lys residues has been demonstrated to 
increase the thermostability of some proteins [Qaw & Brewer, 1986]. Finally, there
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are a number of exchanges that involve the addition of methyl groups to the residue 
side chain, for example Ser to Thr, and these are thought to be stabilise the folded 
conformation through increased hydrophobic interactions and also by decreasing 
the change in entropy upon folding through hydrogen bonding to the main chain in 
the unfolded state. For the same reasons, the exchange from Asp to Glu is thought 
to be stabilising.
AMINO ACID EFFECT ON PREFERRED
EXCHANGE HYDROPHOBICITY LOCATION
Lys to Arg + helix
Ser to Ala + helix
Gly to Ala + helix & sheet
Ser to Thr + sheet & coil
lie to Val helix
Lys to Ala + helix & sheet
Thr to Ala + sheet
Lys to Glu + coil
Glu to Arg + helix
Asp to Arg + helix
Table 1.4 The ten most frequent amino acid exchanges found from comparative analyses of six 
families of mesophilic/thermophilic proteins. The preferred position for each exchange 
is indicated, as is the change in hydrophobicity (+ increased, - decreased) [Menendez- 
Arias & Argos , 1989].
Another statistical analysis resulted in the development of the aliphatic index, 
defined as the relative volume of a protein occupied by aliphatic side chains [Ikai, 
1980]. It was found that the index is higher in thermophilic proteins in contrast to 
mesophilic homologs.
There are other features that do not appear in the top ten exchanges listed above 
but have been supported by experimental evidence from irreversible-denaturation 
studies of proteins. These involve the decrease in Asn and Gin, which are 
susceptible to deamidation at elevated temperatures [Stephenson & Clarke, 1989; 
Geiger & Clarke, 1987], in Asp residues, which can cause cleavage of the
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polypeptide in weakly acidic conditions [Zale & Klibanov, 1986; Ahern & Klibanov, 
1985], and the decrease, or total absence, of Cys residues, which are susceptible to 
oxidation at elevated temperatures [Zale & Klibanov, 1986].
The sequences used in the analyses above all originated from either eucaryal or 
bacterial organisms, with the highest optimum growth temperature of only 80°C. 
Since the majority of characterised thermophilic Archaea are actually 
hyperthermophiles with optimum growth temperatures in excess of 90°C, more 
archaeal sequences, in particular with hyperthermophilic representatives, are 
required.
The value of the information gleaned from sequence analyses, such as the one 
carried out by Menendez-Arias & Argos [1989], is only limited since it fails to take 
into account the role that a specific residue or entire secondary structure may play 
in the context of the 3D structure of the protein molecule. This information can be 
gathered only from comparisons of thermophilic and mesophilic 3D structures.
1.3.2 COMPARATIVE STRUCTURAL ANALYSES
There are a limited number of proteins for which the 3D structures have been 
determined for both mesophilic and thermophilic homologs. In all cases, 
comparative structural analyses have revealed that the topologies of the 
homologous proteins are very similar, and as such have proved useful in identifying 
putative thermostabilising features, pinpointing specific interactions between 
residues and assessing the stability of regions of the molecule. In all the models, 
the general trend from mesophile to thermophile involves a few additional 
interactions, these taking the form of salt bridges in all but one example, and also 
hydrophobic interactions in some of the thermophilic proteins.
From comparisons of the crystal structures of malate dehydrogenase (MDH) from 
pig and Thermus thermophilus, the thermostability of the latter protein is thought to 
be due to a few extra internal ionic interactions [Kelly et al., 1993]. The bacterial
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enzyme structure has four additional ion pairs, three that increase interactions at the 
subunit interface in the dimeric molecule and one at the domain interface. Other 
minor features that could play a role in the thermostability of MDH include a-helix 
stabilisation with an increase in the number of Ala residues and with a charged 
residue to cancel the macro-dipole across the secondary structure, and a general 
increase in the hydrophobicity accompanied by a decrease in the flexibility of 
a-helices and interdomain regions.
On the other hand, from the comparison of the crystal structures of ribonuclease H 
(RNaseH) from E. coli and Thermus thermophilus, the main thermostabilising 
feature is thought to be increased levels of aromatic-aromatic interactions [Ishikawa 
et al., 1993(a)]. The latter enzyme possesses a cluster of eight aromatic residues, a 
feature which has been shown to occur in thermostable proteins [Burley & Petsko, 
1985]. In addition, this protein does appear to have five more salt bridges, some of 
which stabilise the a-helices through cancelling the macro-dipole. A more 
significant change in RNAseH from mesophile to thermophile is the exchange of a 
left-handed Lys residue to a Gly, effecting the removal of steric hindrance caused 
by the Cp atom of the Lys.
Neutral protease is the protein mentioned previously, in which additional salt bridges 
do not appear to play a role in increasing its thermal stability. Instead from the 
limited comparison of the crystal structures of the enzymes from B. cereus and 
B. thermoproteolyticus, it would seem that protein stability is the result of extra 
hydrogen bonds and an exchange of Gly to Ala residues within the helical structures 
[Pauptit et al., 1988].
Many more stabilising features were suggested for the enzyme phosphoglycerate 
kinase (PGK), from a comparison between the crystal structures of yeast and 
B. stearothermophilus PGK [Davies et al., 1993]. The most significant difference 
between the two protein structures is the number and position of ion pairs. The 
thermophilic PGK possesses an additional 15 ion pairs, ten of which were shown to 
stabilise the secondary structures within the N-terminal domain, and this is thought 
to be particularly important since this domain is the least stable part of the yeast
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enzyme. There are amino acid exchanges from Ser and Thr to Ala, Glu and Asp, 
and also Lys to Arg, all of which are in agreement with the traffic rules proposed by 
Menendez-Arias & Argos [1989]. Finally, many of the loop regions joining the 
secondary structures are shorter in the thermostable PGK than in the mesophilic 
protein. With the addition of a 'closing' effect caused by a shift in domain 
orientations, the entire protein appears to be more compact and less flexible in the 
thermophile.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) from lobster, 
B. stearothermophilus and Thermotoga maritima have been crystallised and 
compared in order to identify features conferring both moderate and hyper- 
thermostability [Walker et al., 1980; Korndorfer et al., 1995]. The three organisms 
range from psychrophilic, growing at temperatures below 5°C, to hyperthermophilic, 
respectively. From the limited analysis of this protein model, it was suggested that 
thermostability is the result of an increased number of ion pairs at the surface of the 
molecule and increased hydrophobic interactions at the subunit interface of the four 
monomers. Hyperthermostability may be attributed to the exchange of a Val 
residue with unfavourable bond angles, to a more stable Gly residue, and also the 
exchange of Gly to Ala, Ser to Thr, and lie to Val residues, all of which are in 
agreement with the traffic rules proposed by Menendez-Arias & Argos [1989]
One other protein model has been used in comparative structural analyses, that 
being citrate synthase, for which the crystal structures of pig and Tp. acidophilum 
have been compared [Russell et al., 1994]. The results of this analysis will be 
discussed thoroughly in section 3.3.2, since they only became apparent 22 months 
into the work described in this thesis.
There are a few more thermostable proteins that have had their 3D structures 
solved, those being glucose dehydrogenase (GDH) from Tp. acidophilum [John et 
al., 1994], isopropyl malate dehydrogenase (IPMDH) from T. thermophilus [Imada et 
al., 1991], and aldehyde ferredoxin oxidoreductase (AFOR) from P. furiosus [Chan 
et al., 1995]. For all these proteins there is no mesophilic structural equivalent and 
instead they have been used in two other types of comparative analyses: Either the
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thermophilic structure has been compared to the structure of a mesophilic relative 
within the protein family, for example the crystal structure of IPMDH was compared 
to that of isocitrate dehydrogenase from E. coli [Imada et al., 1991], or, the amino 
acid sequence of the thermophilic protein has been compared to sequences from 
mesophilic homologs, as is the case with AFOR [Chan et al., 1995]. The protein 
rubredoxin is a slightly different case, where the secondary structure of the molecule 
from P. furiosus has been defined by NMR, and used in limited analyses with the 3D 
crystal structure of the protein from Clostridium pasteurianum [Blake et al., 1991]. 
Again, the general trend appears to be an increase in ionic interactions, internal 
hydrophobic interactions, and secondary structure stabilisation through appropriate 
residue exchanges or additional bonding within the structure.
Other proteins have had the amino acid sequence determined for a thermophilic 
homolog and have had this aligned to the known mesophilic 3D structure of the 
same protein. Examples include the proteins ferredoxin [Perutz & Raidt, 1975], 
triosephosphate isomerase [Rentier-Delrue et al., 1993] and glutamate 
dehydrogenase [Britton etal., 1995], where the results of the comparison tend to be 
the same as described above but the emphasis is more on residue exchanges.
These latter comparative analyses are not as informative or as valid as the true 
structural comparisons. However, in the absence of 3D structures of both 
mesophilic and thermophilic homologs of the same protein, the comparison to the 
structures of related proteins, or sequence comparisons and homology modelling, 
are adequate for speculating which features may be important for conferring protein 
thermostability.
1.3.3 SITE-DIRECTED MUTAGENESIS
Site directed mutagenesis, together with denaturation and refolding studies, have 
enabled the testing of the traffic rules that were generated from the sequence and 
structural analyses of mesophilic and thermophilic proteins. In addition, other 
different features have been mutated and found to affect protein stability and so
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have been added to the list of rules. The majority of the research has been carried 
out on small monomeric proteins, such as ribonuclease from B. amyloliquefaciens 
(barnase), bacteriophage T4 lysozyme, E. coli ribonuclease H1 and nuclease from 
Staphylococcus.
Extensive analyses on large numbers of mutants have suggested that the effects of 
most mutations are dependent upon the structural context. For example, Rennell 
et al., [1991] created 2015 site-directed mutants of bacteriophage T4 lysozyme, 
mutating 163 of the 164 residues into 13 different amino acids in turn. The results 
showed that only 261 of the mutations had a detrimental effect upon the stability of 
active protein. Almost all of these mutations occurred in regions of the enzyme that 
had low mobility and/or low solvent accessibility. These results supported the work 
of Alber et al., [1987], again on T4 lysozyme, who proposed that residues with high 
temperature factors in the crystal structure and usually surface exposed residues 
are relatively tolerant to mutations.
The majority of the features that have been identified as affecting protein stability 
involve changing the type and number of interactions, in both the folded and 
unfolded conformations. These mutational studies will therefore be described in 
terms of the types of interactions investigated.
1.3.3.1 IONIC INTERACTIONS
The main message from mutational analyses investigating ionic interactions is that 
engineered salt bridges on the surface of the protein make little contribution to the 
stability of the folded conformation. This result was found with the tetrameric 
GAPDH [Tomschy et al., 1994], barnase [Sali et al., 1991], and T4 lysozyme 
[Dao-Pin etal., 1991]. The range of changes in AG encompassed 0.1-0.25 kcal/mol. 
Crystal structures of the T4 lysozyme mutants revealed that the engineered charged 
residues had such a high freedom of rotation that the ion pair did not come together 
to bond at all, and in fact it was suggested that the entropic cost of localising a pair 
of solvent-exposed charged groups on the surface of a protein largely offsets the
27
interaction energy expected from the formation of a defined salt bridge. The same 
theory applies to the disruption of exposed ionic interactions in barnase, where 
there is little difference between the stability of the mutant and the wild-type protein 
[Serrano et al., 1990]. In contrast, the disruption of a buried salt bridge in T4 
lysozyme was found to destabilise the protein, and was calculated to contribute 3-5 
kcal/mol to the conformational stability of the folded state [Anderson et al., 1990].
1.3.3.2 HYDROGEN BONDS
The contribution of hydrogen bonds to the native states of proteins has been 
investigated by disruption of the bonds, either mutating one of the residues involved 
in a pair or both. On the basis of urea and thermal unfolding studies of 12 mutants 
of ribonuclease T1 (RNase T1) with disrupted hydrogen bonds, Shirley et al. [1992] 
were led to conclude that the hydrogen bonds make a significant contribution to the 
conformational stability of the protein, so much so that they parallel that made by 
hydrophobic interactions. They found the average decrease in stability to be equal 
to 1.3 kcal/mol per hydrogen bond. To complement this work, studies of the 
hydrogen bonding patterns between the enzyme tyrosyl-tRNA synthase and its 
substrate have demonstrated that hydrogen bonds involving charged residues have 
stronger binding energies (3.5-4.5 kcal/mol) than those involving uncharged amino 
acids (only 0.5-1.5 kcal/mol) [Fersht et al., 1985].
1.3.3.3 DISULPHIDE BONDS
Covalent interactions through disulphide bonds can have dramatic effects upon the 
stability of proteins. The most remarkable study investigating the effect of 
disulphide bond creation involved the protein thymidylate synthase from the 
organism Lactobacillus casei, where two symmetrically-related disulphide bonds 
were engineered at the subunit interface of the dimer [Gokhale et al., 1994]. The 
mutant had a huge increase in stability; whereas the wild-type protein precipitates at 
52°C, the mutant is still soluble and retains secondary structure even at 90°C. This
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is further illustrated by the appreciable level of activity that the mutant thymidylate 
synthase displays at 65°C. The effect of creating extra covalent interactions in the 
enzyme T4 lysozyme was not quite so stark as that in thymidylate synthase. Four 
individual mutants were engineered to contain a disulphide bond, with the increase 
in thermal stability ranging from 5-10°C [Matsumara et a!., 1989]. The reason for 
the relatively small increase in stability is probably due to additional strain within the 
molecule increasing the change in conformational entropy from the unfolded to 
native states.
1.3.3.4 HYDROPHOBIC INTERACTIONS
Since hydrophobic interactions are thought to be the main driving force of protein 
folding, many investigators have tried to quantify the effect of these interactions 
upon the conformational stability of the folded state. Most studies have taken the 
form of investigating cavity-creating and cavity-filling mutants. From the urea and 
thermal unfolding studies of 72 aliphatic side chain mutants in four proteins, Pace 
[1992] has found the average change in AG to be 1.3 kcal/mol per methyl group, 
and this is supported by mutational work on barnase [Serrano et al., 1992(a); Kellis 
et al., 1988]. However, in the case of some cavity-creating mutants, the change 
was found to be larger than the 1.3 kcal/mol suggested, and instead it was 
proposed that the discrepancy in the destabilisation was determined by the ability of 
the residues lining the cavity to collapse and minimise the size of the hole [Eriksson 
& Matthews, 1992; Shortle et al., 1990].
In addition, Ishikawa et al. [1993(b)] found that, with cavity-filling mutants of RNase 
HI, the change in stability did not increase to the degree that was predicted from 
those studies just described, apparently due to non-maximal van der Waals 
contacts within the cavity. It was also discovered that Leu was preferred to lie to fill 
cavities, since Leu is able to adopt a wider range of dihedral angles and thus 
maximise potential interactions. In contrast, the cavity-filling mutants of T4 
lysozyme created by Karpusas et al. [1989] were actually destabilised, due to 
strained conformations of the mutated residues.
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Increasing hydrophobic interactions at the subunit interface in multimeric proteins 
has been shown to lead to an increase in the thermal stability of the molecule [Kotik 
& Zuber, 1993; Kirino et al., 1994; Kallwass et al., 1992]. In the case of the 
already thermostable lactate dehydrogenase from B. stearothermophilus, an Arg 
residue within a helix at the interface was mutated to Tyr, an amino acid usually 
thought of as a helix-breaker, and the melting temperature of resultant protein was 
9.4°C higher than for the wild-type enzyme [Kallwass eta!., 1992].
1.3.3.5 EFFECTS ON THE CONFORMATIONAL ENTROPY
The effect of changes in the conformational entropy of the unfolded state of a 
protein upon the stability of the folded state has been investigated. Two mutants of 
bacteriophage T4 lysozyme were engineered, changing Gly 77 to Ala and Lys 60 to 
Pro; both were accompanied by a stabilising decrease in AG (of 0.4 and 0.8 
kcal/mol, respectively) [Matthews etal., 1987], The small rise in protein stability was 
thought to be the result of a decrease in the change in conformational entropy upon 
folding due to a reduced degree of freedom of the amino acids Ala and Pro in the 
unfolded state, compared with the wild-type residues. Ishikawa et al. [1993(c)] 
conducted a similar study on RNase HI, where a His residue situated in a loop 
region was changed to a Pro, without affecting the native backbone structure. The 
result was a 4.1°C increase in the melting temperature of the protein.
In contrast, Bowler et al., [1993] destabilised the native state of iso-1-cytochrome by 
increasing the stability of the unfolded conformation; this was achieved through 
additional hydrophobic interactions that demonstrated that the unfolded state was 
not a true random coil structure and that the hydrophobic residues were partially 
shielded from full solvation. The fact that the hydrophobicity of the mutated 
residues correlated with the change in AG supported the theory concerning the 
nature of the unfolded conformation.
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1.3.3.6 HELIX STABILISATION
The factors that affect helix stability, and in turn the stability of the whole molecule, 
have been studied thoroughly. It appears that helical content is important although 
this depends on the position of the residue within the helix and the position and 
exposure of the helix within the molecule. Ala has been shown to be the amino acid 
with the highest helical propensity, due to its hydrophobicity and appropriate 
dihedral angles [O'Neil & Degrado, 1990; Horovitz et al., 1992], although the 
stabilising effect is context-dependent and site-specific [Serrano et al., 1992 (b) (c)]. 
Residues that have been shown to destabilise helical structures include Gly at 
internal positions, due to the greater freedom of bond rotation, Pro, due to the 
inability of the amino acid to adopt the optimum main chain angles for an a-helix 
and to the disruption of the intrahelical hydrogen bonding network, and also maybe 
residues with branched side chains, because the loss of entropy is too great upon 
helix formation due to the restricted number of side chain conformations [Horovitz 
et al., 1992]. On the other hand, in solvent exposed helices, Gly residues are 
known to have a stabilising effect if they are positioned at the termini, in particular 
the C-terminus, since they allow the exposure of the amino and carboxy groups 
available for solvation [Horovitz et al., 1992; Serrano et al., 1992(c)]. Amino acids 
that are capable of bonding to the main chain in the unfolded state, for example 
Ser, Asp and Tyr, also have been found to be destabilising since the change in 
entropy upon folding is increased [Horovitz et al., 1992].
There are a variety of other amino acids that are capable of stabilising helices if 
they are found at the termini; these are known as capping residues and include Asp, 
Asn, Ser and Thr at the N-terminus of the helix, and His, Arg, Lys and Asn at the 
C-terminus [Hoi, 1985; Serrano et al., 1992(b)]. The mechanism of capping at the 
N-terminus involves hydrogen bonds between the side chain of the N-cap (residue 
N+0) to the main chain amino group of N+3. In addition, Asp is particularly 
favourable since it can interact with the macro-dipole across the helix. The 
mechanism of capping at the C-terminus is similar, with most of the C-cap residues 
possessing positive torsion angles that allow the side chain of the residue to interact
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with main chain carboxy groups at the end of the helix; also basic amino acids can 
interact with the helix dipole. Close scrutiny of conflicting data, from mutational 
studies in T4 lysozyme [Bell et al., 1992], has also revealed that it is possible for 
surrogate caps to stabilise a helical structure [Serrano et al., 1992b].
1.3.4 AN OVERVIEW OF PROTEIN THERMOSTABILITY
From all the investigations into protein thermostability it is apparent that the factors 
responsible are context specific and, with a few exceptions, it appears that 
conformational stability is the accumulation of small improvements in intermolecular 
interactions. Overall, the thermostable protein molecule appears to be more rigid 
and less flexible at mesophilic temperatures, although the protein attains a flexibility 
at its operating temperatures, similar to that of the mesophilic enzyme at its 
operating temperature; this is almost a prerequisite since with enzymes, activity 
depends on conformational and amino acid side-chain mobility.
All the thermostabilising factors described above are of an intrinsic nature. 
However, there are some proteins, especially those from hyperthermophiles, that 
are not as stable in vitro as the growth temperature of the source organism would 
predict. It is thought that the high concentrations of certain intracellular molecules, 
such as particular polyalcohols, polyamines and ions, found in these organisms may 
provide an extrinsic mechanism of stabilisation [De Cordt et al., 1994; Zellner and 
Kneifel, 1993; Hensel and Jakob, 1994; Scholz et al., 1992].
At the onset of this work, virtually all of the studies into protein thermostability were 
conducted on proteins from thermophilic Bacteria. Through analysing proteins, 
such as citrate synthase, from the thermophilic Archaea, such as Tp. acidophilum, it 
should become apparent if the Archaea use similar or novel means of achieving the 
same goal of protein stability.
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1.4 AIMS OF THE PROJECT
The ultimate aim of this project was to characterise protein thermostability in the 
enzyme citrate synthase from Tp. acidophilum. Citrate synthase was been chosen 
as the model with which to study thermostability for a number of reasons :
(1) Citrate synthase is a ubiquitous enzyme found in almost every known 
organism. Therefore, there are representatives of the enzyme from a whole 
range of different biotopes, such as from mesophilic conditions to extremes of 
temperature and salinity. There are also representatives found in the three 
domains of life, enabling the characterisation of protein thermostability in the 
Eucaryotes, the Bacteria and the Archaea. From a comparison of these three 
systems, it should become apparent as to whether phylogenetically-distinct 
organisms have employed similar means for achieving the common goal of 
protein stability.
(2) Citrate synthase is a dimeric protein where both subunits are essential for 
catalytic activity. Therefore, integrity of the dimeric nature of the molecule at 
the elevated temperature at which Tp. acidophilum grows, can be determined 
from a study of the interactions at the subunit interface. The information from 
this investigation will add to the limited data that are available for multimeric 
protein structures.
(3) There is an expanding database of information concerning citrate synthase to 
facilitate the comparative analyses.
The work that is presented here is divided into two main areas: the identification of 
features that could play a role in conferring protein thermostability and the testing of 
those theories by site directed mutagenesis. Chapter 3 describes the homology 
modelling of a 3D structure of citrate synthase from Tp. acidophilum, together with 
comparative analyses involving the amino acid sequences and 3D structures of the 
protein. Features are identified that may play a role in the thermostability of the 
protein. A few of these features have been investigated by site-directed 




All the chemicals used were of analytical grade or of the finest grade commercially 
available. Unless otherwise stated, chemicals and reagents were obtained from BDH 
Chemicals, Poole, UK; Sigma Chemicals, Poole, UK; Fisons, Loughborough, UK and 
Fluka Chemicals Ltd, Gillingham, UK.
2.1 MOLECULAR MODELLING
All programs were run on the MicroVAX 3300 system, Silicon Graphics Indigo, or Evans 
and Sutherland ESV-10 work station.
Homology modelling and manipulations of a 3D structure of citrate synthase were 
achieved using the program O [Jones et al., 1991]. The mutate functions within O 
enable the replacement, deletion and insertion of residues in the protein sequence. 
The proleg functions allow the structural manipulation of those residues. Proleg 
contains a database of information that is probed to reveal 20 structures of a specified 
number of residues between two given points, the most suitable of which is chosen.
The modelled structure was then energy minimised using the crystallographic package 
XPLOR Version 2.1 [Brunger, 1990]. This cyclic process involves the calculation of the 
total energy of the system as defined by a range of energy terms based on covalent 
bonds, bond angles, dihedral angles and non-bonded interactions. The conformation of 
the system is adjusted and the total energy recalculated until a minimum value is 
achieved.
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The stereochemical quality of the protein structure was assessed using a number of 
programs. PROCHECK Version 2.1 [Laskowski et al., 1993] generates a 
Ramachandran plot and highlights residues that have unfavourable stereochemistry 
with respect to side chain angles and main chain parameters. DSSP [Kabsch & 
Sander, 1983] defines the secondary structure and solvent accessibility of each residue 
within the 3D structure. The output file from DSSP is then analysed by the program 
ENVIRONMENTS [Luthy et al., 1992] which highlights residues within unsuitable 
environments. Based on the information from the above programs, adjustments were 
made to the 3D structure and the energy minimisation repeated, until the unfavourable 
stereochemistry was reduced to a minimum.
2.2 MOLECULAR BIOLOGY
Hybaid Recovery™ Plasmid Midiprep kit was obtained from Hybaid Ltd, Middlesex, UK. 
Restriction endonucleases were supplied by New England Biolabs, Beverley, USA and 
Gibco BRL Life Sciences, Uxbridge, UK, as was 1kb DNA ladder. GENECLEAN® II kits 
were obtained from Bio 101 Inc., La Jolla, USA. Klenow fragment, T4 DNA 
polymerase, Taq DNA polymerase, T4 DNA ligase and T4 polynucleotide kinase were 
all supplied by Boehringer-Mannheim, Mannheim, Germany. Vent® DNA polymerase 
was obtained from New England Biolabs. Deoxynucleoside triphosphates (dNTP) were 
obtained from Pharmacia, Milton Keynes, UK. Altered Sites™ in vitro Mutagenesis 
System was supplied by Promega Corporation, Madison, USA. Sequenase® Version
2.0 DNA Sequencing kit was from United States Biochemical Corporation, Ohio, USA. 
Sequagel™ reagents were obtained from National Diagnostics, Atlanta, USA. 
a[35S]-ATP was obtained from ICN Biomedicals Ltd., High Wycombe, UK. Hind\\\- 
digested X DNA, isopropyl-p-D-thiogalactoside (IPTG) and 5-bromo-4-chloro-3-indolyl- 
p-D-galactoside (X-Gal) were obtained from Northumbria Biologicals Ltd., Cramlington, 
UK. Autoradiography film was supplied by the Fuji Film Company, Japan, and 3MM
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Chromatography paper by Whatman Scientific Ltd., Maidstone, UK. Constituents of 
E. coli culture media were supplied by Difco Laboratories, Michigan, USA.
The vectors used in this study included pKK223-3, obtained from Pharmacia, pMEX8 
and pJLA602, both supplied by MEDAC, Hamburg, Germany, and M13mp19 obtained 
from Stratagene Ltd., Cambridge, UK
The E. coli strains used were DH5aF' [F' cr80d/acZAM15 A(/ac2YA-argF)U169 endA'\ 
recA1 frsc/R17(rK“mK+) cfeoR thiA supE44 X~gyrAQ6 re/A1], obtained from Gibco BRL 
Life Sciences, JM105 [endA sbcB15 hsdR4 rpsL thi A(lac-proAB) F'(fraD36 proAB+ 
/ac1q /acZAM15)], supplied by Pharmacia and MOB154 [gltAG ga/K30 pyrD36 re/A1? 
rpsL129 thiA sapE44 hsdR4 recA], a citrate synthase-deficient strain, kindly donated 
by D.O. Wood (University of South Alabama, USA).
2.2.1 GROWTH AND MAINTENANCE OF BACTERIAL STRAINS
The E. coli strains DH5aF' and JM105 were grown in LB liquid medium (1.0% (w/v) 
Bacto tryptone, 0.5% (w/v) yeast extract, 1.0% (w/v) NaCI) or on LB solid medium 
(includes 1.5% (w/v) Bacto agar), at 37°C unless otherwise stated. The strain was 
maintained on solid minimal medium [described by Sambrook et al., 1989] 
supplemented with thiamin.HCI (0.2 pg/ml).
Unless otherwise stated, the citrate synthase-deficient E. coli strain MOB154 was 
grown at 37°C in LB liquid medium and on LB solid medium, both supplemented with 
11 mM glucose. For selection purposes and maintenance the strain was grown at 37°C 
on solid minimal medium supplemented with thiamin.HCI (5 pg/ml), uracil (35 pg/ml), 
11 mM glucose and 2 mM glutamate salt. To detect a MOB154 strain expressing an 
active plasmid-encoded citrate synthase gene, the bacteria were grown on the 
supplemented solid minimal medium but without the glutamate.
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For the growth of E. coli strains expressing plasmid-encoded ampicillin or tetracycline 
resistance genes, the medium was supplemented with ampicillin (100 pg/ml) or 
tetracycline (15 pg/ml), respectively.
Long term storage of bacterial strains was in a 24% (v/v) glycerol solution at -70°C.
2.2.2 PREPARATION OF PLASMID DNA
2.2.2.1 SMALL SCALE - 'MINIPREP'
A volume, 1.5 ml, from an overnight culture of E. coli carrying the plasmid of interest 
was spun at 13,000 x g for 10 min. The cells were resuspended in 100 pi of solution 
consisting of 25 mM Tris.HCI, pH 8.0, 10 mM ethylenediaminetetra-acetic acid (EDTA), 
50 mM glucose, and then lysed with 200 pi 0.2 M NaOH, 1% (w/v) sodium dodecyl 
sulphate (SDS). The alkali was neutralised with 150 pi 3 M potassium acetate, pH 4.8, 
on ice for 3-5 min and the SDS pelleted by centrifugation at 13,000 x g for 10 min. 
Plasmid DNA and RNA are precipitated by the addition of an equal volume of propan-2- 
ol followed by centrifugation at 13,000 x g for 15 min. The pellet of nucleic acids was 
then washed with 70% (v/v) ethanol, dried under vacuum and resuspended in 25 pi 
MilliQ water or TE8 buffer (10 mM Tris.HCI, 1 mM EDTA, pH 8.0).
2.2.2.2 MEDIUM SCALE - 'MIDIPREP'
The larger scale preparation of plasmid DNA was achieved using the Hybaid 
Recovery™ Plasmid Midiprep kit. The technique utilises the affinity of a silica-based 
matrix for DNA, and can purify up to 200 pg plasmid DNA from a 30 ml volume of 
E. coli culture carrying a high copy number plasmid.
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2.2.3 ETHANOL PRECIPITATION OF DNA
DNA was precipitated out of solution by the addition of 2 volumes of ice-cold absolute 
ethanol, 0.1 volumes 3 M sodium acetate pH 5.2, followed by incubation at -20°C for at 
least 1 h. The DNA was then pelleted by spinning at 13,000 x g for 10 min, after which 
it was washed with 70% (v/v) ethanol and the spin repeated. The pellet was dried 
under vacuum and then resuspended in MQW or 2TE8.
2.2.4 DIGESTION OF DNA WITH RESTRICTION ENDONUCLEASES
Digestion of DNA with restriction endonucleases was carried out in the accompanying 
buffers and following the supplier's suggested conditions for optimum enzymic activity. 
If necessary, the samples were incubated with DNAse-free RNAse (0.1 pg/pl) to 
remove any RNA.
2.2.5 AGAROSE GEL ELECTROPHORESIS
DNA samples were analysed by agarose gel electrophoresis, separating linearised 
DNA species relative to their molecular sizes [described by Sambrook et al., 1989]. 
The samples, in buffer (0.04% (w/v) bromophenol blue, 0.04% (w/v) xylene cyanol, 
7% (w/v) sucrose), were loaded onto agarose gels (0.7% (w/v) agarose, 0.005% (v/v) 
ethidium bromide, made up in TAE (40 mM Tris.acetate, 1 mM EDTA)). TAE was used 
for tank buffer and the samples were electrophoretically separated using a constant 
voltage of 60-90 V for approximately 1 h. The size markers used were either HincM- 
digested DNA or 1 kb Ladder. The gel was then visualised with UV trans-illumination.
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2.2.6 PURIFICATION OF DNA FROM AGAROSE GELS
Samples of interest were loaded onto a 0.7% (w/v) LMP (low melting point) agarose gel 
in TAE buffer and electrophoresed at 30-40 V  for 2-3 h. DNA was visualised using a 
low-power UV lamp and the relevant band was sliced out of the gel. The DNA was 
then purified from the agarose using the GENECLEAN® II kit following the 
manufacturer's instructions. The technique utilises a specially-formulated silica matrix 
that binds DNA.
2.2.7 END-FILLING COHESIVE ENDS OF DNA
A DNA sample, 200 pg, was mixed in a 30 pi volume with 3 pi T4 DNA ligase buffer, 
2 U Klenow fragment, 0.05 U T4 DNA polymerase, 5 U T4 polynucleotide kinase and
12.5 mM each dNTP and incubated at 37°C for 20 min. The DNA was extracted twice 
using a 20 pi volume of phenol/chloroform/isoamyl alcohol (25:24:1 (v/v/v)) and then 
precipitated with ethanol as described 2.2.3.
2.2.8 LIGATION OF DNA
Vector DNA and insert DNA, approximately 0.1 pg of each, were ligated together using 
4-8 U DNA ligase enzyme. Incubations were carried out in the ligase buffer supplied, at 
room temperature for 1 h followed by 37°C for 1 h. Either the whole or half of the 
ligation sample was then used in the transformation of competent E. coli cells.
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2.2.9 PREPARATION AND TRANSFORMATION OF COMPETENT E. COU
E. coli cells were made competent as described in the Altered Sites™ in vitro 
Mutagenesis System booklet, based on the method of Hanahan [1985]. Details of the 
transformation of competent E. coli also are described in the text.
2.2.10 TRANSFECTION OF E. COU WITH M13MP19
A 0.01 volume of an overnight culture of E. coli strain DH5aF\ together with a 0.002 
volume of M13mp19 phage supernatant, were added to soft agar (LB medium, 
7.5% (w/v) Bacto agar), melted and held between 45-50°C. The agar was then 
supplemented with 0.5 mM isopropyl-thiogalactoside (IPTG) and 5-bromo-4-chloro-3- 
indolyl-p-D-galactopyranoside (X-Gal) (40 pg/ml) and poured onto LB solid medium 
where it was allowed to set. The plates were incubated at 37°C for 19 h after which 
time plaques of phage-infected E. coli could be seen on the lawn.
To obtain M13mp19 phage particles, a plaque from the lawn described above was used 
to inoculate 5 ml 2YT media (1.6% (w/v) Bacto tryptone, 1.0% (w/v) yeast extract, 
0.5% (w/v) NaCI) supplemented with 0.5% (w/v) sucrose, together with 5 \i\ of an 
overnight culture of E. coli strain DH5aF'. The culture was incubated at 37°C for 4-5 h 
with vigorous shaking. Phage were released into the medium, and a supernatant was 
obtained by pelleting the E. coli cells at 13,000 x g for 10 min twice. The phage 
supernatant was stored at 4°C.
The replicative form of M13mp19 can be isolated following the mini-prep method 
described in 2.2.2.1. This form of DNA is a double-stranded circle and can be 
manipulated in the same manner as a plasmid.
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2.2.11 ISOLATION OF SINGLE-STRANDED DNA
Isolation of single-stranded DNA was carried out on a large scale using 100 ml of 
infected culture, prepared as described in 2.2.10. The bacterial cells were pelleted and 
removed by centrifugation at 5000 x g, 4°C, for 20 min and then again for 5 min. The 
phage particles were precipitated from the supernatant by the addition of 0.2 volumes 
of 30% (w/v) polyethylene glycol (PEG) 8000, 1.6 M NaCI, and incubation at 4°C for 
1 h. The precipitation was followed by centrifugation at 5000 x g, at 4°C, for 20 min. 
The viral pellet was resuspended in 500 pi TE8 buffer and any remaining bacterial cells 
were removed by centrifugation at 13,000 x g for 5 min. The phage were precipitated 
again with 200 pi PEG/NaCI solution, incubated at 4°C for at least 1 h, and were then 
collected by centrifugation at 13,000 x g for 10 min. The pellet was resuspended in 
500 pi TE8, after which the protein coat of the phage particles was removed by 
extraction with 200 pi 25:24:1 (v:v:v) phenol/chloroform/isoamyl alcohol by vortexing for 
1 min, standing on ice for 1h, vortexing again for 1 min and then centrifuging at
13,000 x g for 10 min. The top aqueous layer, containing phage DNA, was retained 
and the whole step was repeated, using shorter standing times, until a white precipitate 
no longer appeared at the interface between the two layers. Traces of phenol were 
then removed from the aqueous layer with 200 pi 24:1 (v:v) chloroform/isoamyl alcohol 
and the DNA was ethanol precipitated as described 2.2.3.
2.2.12 OLIGONUCLEOTIDE SYNTHESIS AND PREPARATION
Oligonucleotides were either custom made by Pharmacia or Severn Biotech Ltd, 
Kidderminster, UK, or were synthesised in-house on an Applied Biosystems 381A DNA 
Synthesiser (A.J. Wolstenholme, University of Bath).
Those oligonucleotides that were made in house were removed from the column matrix 
in 1 ml concentrated ammonium hydroxide at 55°C overnight. The beads were then
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pelleted at 6000 x g for 2 min and removed. The sample was dried under vacuum for 
3-4 h, after which it was resuspended in 300 pi MQW. The DNA was ethanol 
precipitated, as described 2.2.3, and resuspended in 1 ml TE8. The purity and 
concentration of the oligonucleotide was determined by measuring the absorbance at 
260 nm and 280 nm [Sambrook et a i, 1989]; A ratio of A26o/A28o above 1.75 indicates 
that the sample is pure, and an absorbance of 1 unit at 260 nm equates to 50 pg/ml 
double stranded DNA or 37 pg/ml single stranded DNA.
2.2.13 DNA SEQUENCING
Single and double stranded DNA was sequenced using the Sequenase® Version 2.0 kit 
following the manufacturer's instructions. The sequencing protocol utilises Sequenase® 
Version 2.0 T7 DNA Polymerase and incorporates the chain termination method of 
Sanger et al. [1977]. The radio-isotope used was <x[35S]-ATP.
Prior to sequencing, the double stranded DNA was denatured. Denaturation was 
achieved by adding 0.1 volume of 2 M NaOH, 2 mM EDTA, and incubating at 37°C for 
30 min. The solution was neutralised by the addition of 0.1 volume of 3 M sodium 
acetate pH 5.2, and then the DNA was ethanol precipitated as described 2.2.3.
The sequencing reactions were loaded onto a preheated 6% (w/v) acrylamide/bis- 
acrylamide gel, prepared from Sequagel™ reagents following the manufacturer's 
instructions. The electrophoretic separation was carried out in TBE buffer (90 mM 
Tris.borate, 2 mM EDTA) at a constant power of 52 W  for 1-5 h. The gel was fixed in 
10% (v/v) glacial acetic acid, 10% (v/v) methanol, for 20 min, dried onto 3MM Whatman 
Chromatography Paper, and then exposed to autoradiography film for 1-3 days, before 
developing using an Amersham Hyperprocessor.
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2.2.14 SITE-DIRECTED MUTAGENESIS
The Altered Sites™ in vitro Mutagenesis System was used to create site-directed 
mutants of citrate synthase. This system utilises a phagemid, pALTER-1™ that 
produces single-stranded DNA upon infection with helper phage. The phagemid 
contains a multiple cloning site inserted into the p-galactosidase gene so that 
recombinant vectors can be detected by blue/white selection when plated on solid 
medium containing IPTG and X-Gal. There are genes for both ampicillin and 
tetracycline resistance on the plasmid, although the gene product for ampicillin 
resistance is inactive due to a frameshift. This feature forms the basis of the 
mutagenesis system; propagation of the plasmid and its recombinants is performed 
under tetracycline resistance but the mutagenesis procedure reinstates ampicillin 
resistance with a 'repair oligonucleotide' so that there is a 80-90% mutagenic efficiency 
when grown in the presence of ampicillin.
Site-directed mutagenesis, and all genetic manipulations therein, were carried out 
following the instructions supplied with the system.
2.3 PROTEIN BIOCHEMISTRY
Protogel™ was supplied by National Diagnostics Ltd. Low molecular weight markers for 
protein electrophoresis were obtained from Bio-Rad Laboratories, Herts., UK. Matrex™ 
gel Red A and ultrafiltration membranes (cutoff 10 kDa) were supplied by Amicon Ltd., 
Stonehouse, UK. Sephadex G-25 matrix was obtained from Sigma and coenzyme A 
from Calbiochem-Novobiochem, Nottingham, UK.
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2.3.1 PREPARATION OF CELL EXTRACTS
Overnight cultures of E. coli were centrifuged for 10 min to pellet the bacteria; this was 
carried out at 6000 x g for volumes above 1.5 ml, and 13,000 x g for 1.5 ml volumes. 
The cells were responded in 2TE8 (20 mM Tris.HCI, 2 mM EDTA, pH 8.0) at a density 
of 0.01-0.2 g cells / ml 2TE8. The bacteria were lysed by sonication at 140 W  on ice, 
using either one or five 10 s bursts for volumes below or above 1 ml, respectively. The 
cell debris was removed by centrifugation at 13,000 x g for 10 min.
2.3.2 ESTIMATION OF PROTEIN CONCENTRATION
Protein concentration was determined using the method of Bradford [1976]. A 0.9 ml 
volume of filtered Bradford reagent (0.01% (w/v) Coomassie G-250, 4.75% (v/v) 
ethanol, 8.5% (w/v) H3P 0 4 was mixed with 0.1 ml sample and incubated at room 
temperature for 10 min. The absorbance at 595 nm was measured and the protein 
concentration calculated from a calibration curve of bovine serum albumin (BSA) 
standard solutions ranging from 0-25 pg/ml.
2.3.3 SODIUM DODECYL SULPHATE POLYACRYLAMIDE GEL 
ELECTROPHORESIS (SDS-PAGE)
Protein samples were analysed by SDS-PAGE based on the method of Laemmli 
[1970]. The resolving gel consisted of 10% (w/v) acrylamide (Protogel™), 0.375 M 
Tris.HCI pH 8.8, 0.1% (w/v) SDS, 0.025% (w/v) ammonium persulphate and 0.1% (v/v) 
N.N.N'.N'-tetramethylethylenediamine (TEMED). The stacking gel consisted of 
5% (w/v) acrylamide (Protogel™), 0.13 M Tris.HCI pH 6.5, 0.1% (w/v) SDS, 0.03% (w/v) 
ammonium persulphate and 0.001% (v/v) TEMED. To prepare the protein samples for 
electrophoresis an equal volume of loading buffer (0.18 M Tris.HCI pH 6.5, 2% (w/v)
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SDS, 10% (w/v) glycerol, 2.6% (w/v) p-mercapto-ethanol, 0.005% (w/v) bromophenol 
blue) was added to the samples followed by an incubation at 100°C for 2 min. Low 
molecular weight markers were also run on the gel. Electrophoresis was carried out in 
tank buffer (0.025 M Tris.HCI pH 8.8, 0.096 M glycine, 0.1 % (w/v) SDS) at a constant 
current of 10 mA through the stacking gel and 20 mA through the resolving gel until the 
bromophenol blue dye front was at the lower edge of the gel. Following this, gels were 
stained for 30 min with Coomassie stain (0.5% (w/v) Coomassie Brilliant Blue R, 
45% (v/v) methanol, 45% (v/v) acetic acid) and destained in 10% (v/v) methanol, 
10% (v/v) acetic acid.
2.3.4 CITRATE SYNTHASE ASSAY
Citrate synthase activity was measured spectrophotometrically by the method of Srere 
et al. [1963]. The thiol group of the coenzyme A produced reacts with 5,5'-dithio-bis(2- 
nitrobenzoic acid) (DTNB) to release thionitrobenzoate which absorbs at 412nm and 
has an absorbance coefficient of 13,600 M"1cm"1. The standard reaction mixture 
contained 0.2 mM oxaloacetic acid, 0.15 mM acetyl coenzyme A, 0.2 mM DTNB and 
the enzyme sample, made up to a 1 ml volume with 2TE8 reaction buffer and incubated 
at 37°C.
Acetyl CoA was prepared as a 7.5 mM stock solution. To a solution of coenzyme A 
(10 mg/ml) on ice, a 0.2 volume of 1 M KHC03 was added followed by a 0.1 volume of 
fresh 1 M acetic anhydride. The solution was incubated on ice for 10 min to allow 
acetylation of the coenzyme A.
Enzyme assays were carried out in a Perkin Elmer Lambda 3B spectrophotometer and 
initial rates were calculated using the PECSS software supplied with the instrument. 
Specific activities of the samples were calculated as Units/mg protein, where 1U is 
defined as 1 pmol product formed/min.
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2.3.5 PURIFICATION OF CITRATE SYNTHASE
Recombinant pig citrate synthase was purified from an E. coli MOB154 strain which 
was carrying the citrate synthase gene on the expression plasmid pKK223-3. A cell 
extract was prepared from a 2 I culture, as described in section 2.3.1. The cell extract 
was loaded onto a 20 ml affinity column of Matrex™ gel Red A, pre-equilibrated with 
2TE8, at a rate of 1 ml/min. The column was washed with 2TE8 buffer, at 1 ml/min, 
until the absorbance at 280 nm reached a base line, after which citrate synthase was 
eluted with 50 ml elution buffer (1 mM oxaloacetate, 0.2 mM coenzyme A, 20 mM 
Tris.HCI, 2 mM EDTA, pH 8.0), at a rate of 1 ml/min. The fractions were assayed for 
citrate synthase activity, as described 2.3.4, and those containing the peak of enzymic 
activity were pooled.
To remove the oxaloacetate and coenzyme A from the solution of purified citrate 
synthase, the protein sample was passed through a 35 ml gel filtration column of G-25 
Superose. The sample was loaded as a 1.5 ml volume containing 20-30 mg protein, 
concentrated using an Amicon Ultrafiltration unit with a 10 kDa-cutoff Ultrafiltration 
membrane. Protein was eluted with 2TE8 buffer at a rate of 0.3 ml/min. Again, the 
fractions containing the peak of citrate synthase activity were pooled and it was this 
sample that was used in further analytical studies, unless otherwise stated.
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CHAPTER 3
STRUCTURAL ANALYSIS OF CITRATE SYNTHASE 
FROM T P . A C I D O P H I L U M
3.1 INTRODUCTION
In order to conduct a comprehensive investigation into the thermostability of any 
protein, comparative analyses between mesophilic and thermophilic homologs are 
important; any theories conceived can then be tested by site-directed mutagenesis. 
Attempts to gain an insight into protein thermostability have been carried out 
previously using information from amino acid sequences alone [Menendez-Arias & 
Argos, 1989]; however, these results can be treated as guide lines only, since 
primary sequences fail to illustrate fully the role played by residues in the context of 
the 3D structure of a protein. To overcome this obstacle, mesophilic and 
thermophilic 3D structures should be compared, and from such comparisons 
rational site-directed mutants can be designed.
The aim of the work in this thesis is to characterise the thermostability of citrate 
synthase. At the onset of the research, the only available 3D structures of the 
enzyme were from the mesophilic organisms, pig and chicken [for examples see 
Remington et al. (1982)]. Protein crystals of a thermostable citrate synthase, that 
from the thermophilic Archaeon Tp. acidophilum, had been grown and the structural 
determination was about to begin. Aware of the lengthy process that this 
determination could be, it was decided that a 3D structure of the archaeal enzyme 
would be created by homology modelling, employing the crystal structure of pig 
citrate synthase as a template. The applications of the protein model would be two­
fold: First, it would be used in comparative analyses with the 3D structure of pig 
citrate synthase, in order to identify features that may play a role in the 
thermostability of the archaeal enzyme. Secondly, it would be compared to the
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crystal structure of Tp. acidophilum citrate synthase, once this had been solved, so 
that a guide could be compiled to aid future modelling of the protein; this is based 
on the fact that amino acid sequences are determined at a faster rate than 3D 
structures of proteins are elucidated. However, the crystal structure of the archaeal 
citrate synthase was solved rapidly [Russell, et al., 1994], and so the model was not 
required in the comparative analyses with the mesophilic enzyme. In addition, the 
3D structure of citrate synthase from the hyperthermophilic Archaeon P. furiosus, 
was recently determined [Russell et al., in press]. From a comparison of the 
enzymes from pig and the two Archaea, features have been identified that may be 
important for thermostability of citrate synthase, and these are discussed in section 
3.3.2.
3.2 RESULTS
3.2.1 MULTIPLE SEQUENCE ALIGNMENTS
The available citrate synthase amino acid sequences were multiply aligned, by 
progressive, pairwise comparisons using the Wisconsin GCG Sequences Analysis 
software package [Devereux et al., 1984] (Fig. 3.1). Gap weights and gap-length 
weights were varied in order to find the most suitable alignment, criteria for which 
included conservation of the characterised active site residues. The default values 
for the two weights (3.0 and 0.1, respectively) were used ultimately. Using the same 
package, a table of percentage identities between individual sequences was 
compiled using the relative positions of the sequences in the multiple alignment 
(Table 3.1). As can be seen from Table 3.1, the identity between the citrate 
synthases from pig and Tp. acidophilum is very low at only 21 %.
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Fig. 3.1
1 A 50 B * C 100
Chicken ......ASS TNLKDVLAAL IPKBQARIKT FRQQHGGTAL GQITV.DMSY GGMRGMKGLV YBTSVLDPDE G. IRFRGFSI PBCQKLLPKG
Pig TNLKDILADL IPKEQARIKT FRQQHGNTW GQITV.DMMY GGMRGMKGLV YETSVLDPDB G.IRFRGYSI PBCQKMLPKA







GGMRGIPGSV WEGSVLDPED G.IRPRGRTI ADIQKDLPKA
PEIQRELPKA......ASE QTLKERPAEI FKKEHGKTVI GGMRGIKGLV WEGSVLDPEE G.IRFRGRTI
N. crassa .....SSKT QTLKERFAEL LPENIBKIKA LRKBHGSKW DKVTL.DQVY GGARGIKCLV WEGSVLDAEE G.IRFRGKTI PECQELLPKA
T. thermophila .......SQ TNLKKVIAEI IPQKQAELKE VKEKYGDKW GQYTV.KQVI GGMRGMKGLM SDLSRCDPYQ G.IIPRGYTI PQLKEFLPKA
A. anitratum ___SEATGK KAVLHLDGKE .IELPIYSGT LGPDVIDVKD VLAS.GHFTP DP....... .GFMATASCB SKITPIDGDK GILLHRGYPI DQ.L.....
P. aeruginosa ......ADK KAQLIIEG6A PVELPVL8GT MGPDWDVRG LTAT.GHPTF DP....... .GFMSTASCE SKITYIDGDK GVLLHRGYPI EQ.L.....
B. coli ......ADT KAKLTLNGDT AVELDVLKGT LGQDVIDIRT LGSK.GVFTP DP....... .GFTSTASCB SKITFIDGDE GILLHRGFPI DQ.L.....
Ac. acetii SASQKEGKLS TATI8VDGKS A.EMPVLSGT LGPDVIDIRK LPAQLGVFTF DP....... .GYGETAACN SKITFIDGDK GVLLHRGYPI AQ.L.....
C. burnetii ......SNR KAKLSFENQS .VEPPIY8PT LGKDVIDVKT L.GNHGAYAL DV....... .GFYSTAACB 8KITFIDGEK GILLYRGYPI DQ.L.....
R. prowazekii .TNGNNNNLE FAELKIRGK. LPKLPILKAS IGKDVIDISR VSAEADYFTY DP....... .GFMSTASCQ STITYIDGDK GILWYRGYDI KD. L.....
B. subtilis (CitZ) .......TA TR....... . GLEGWATT SSVSSI..ID DTLTYVGYDI DD.L.....
P. furiosus AK....... .GLEDVYIDQ TNICYIDGKE GKLYYRGYSV BB.L.....
B. subtilis (CitA) HY....... .GLKGITCVE TSISHIDGEK GRLIYRGHHA KD. I.....
coagulans (strain C4) ---VNTNQF IP....... .GLEGVIASE TKISPLDTVN SEIVIKGYDL LA. L.....
M. smegmatis ........T TATESBAPRI HK....... . GLAGVWDT TAISKWPET NSLTYRGYPV QD.L.....
Tp. acidophilum SK....... .GLEDVNIKW TRLTTIDGNK GILRYGGYSV EDI I.....
Consensus .G....... .....G. . .
101 D E 150 F ( H • I 200
Chicken G.....XGG EPLPBGLFWL LVTGQIPTGA QVSWLSKEWA KRAAL PS H W TMLDNPP.TN LHPMSQLSAA ITALNSESNF ARAYAEG.IL RTKYWEMVYE
Pig K.....GGE EPLPEGLFWL LVTGQIPTEB QVSWLSKEWA KRAAL PS H W TMLDNFP.TN LHPMSQLSAA ITALNSESNF ARAYAEG.IH RTKYWELIYB
C. elegans K.....GGB EPLPEAIWWL LCTGDVPSEA QTAAITKEWN ARADLPTHW RMLDNPP.DN LHPMAQFIAA IAALNNESKF AGAYARG.VA KASYWEYAYB
Yeast(glyo) K.....GSS QPLPBALFWL LLTGEVPTQA QVENLSADLM SRSBLPSHW QLLDNLP.KD LHPMAQFSIA VTALESESKF AKAYAQG.IS KQDYWSYTPB
Yeast(mito) E.....GST EPLPEALFWL LLTGEIPTDA QVKALSADLA ARSBIPBHVI QLLDSLP.KD LHPMAQFSIA VTALESESKF AKAYAQG.VS KKEYWSYTPB
N. crassa P.....GGK EPLPEGLFWL LLTGBVPSBQ QVRDLSAEWA ARSDVPKFIB ELIDRCP.SD LHPMAQLSLA VTALBHTSSF ARAYAKG.IN KKEYWGYTFE
T. thermophi la DPKAADQANQ EPLPEGIFWL LMTGQLPTHA QVDALKHBWQ NRGTVNQDCV NPILNLP.KD LHSMTMLSMA LLYLQKDSKP AKLYDEGKIS KKDYWEPPYF.
A. anitratum .......AT QADYLBTCYL LLNGELPTAE QKVEFDAKVR AHTMVHDQVS RFPNGFR.RD AHPMAIMVGV VGALSAFYHN NLDIEDI... ....NHREI
P. aeruginosa .......AE KSDYLBTCYL LLNGELPTAA QKEQFVGTIK NHTMVHEQLK TPPNGFR.RD AH PMAVMCGV IGALSAFYHD SLDITNP... ....KHRQV
B. coli .......AT DSNYLEVCYI LLNGBKPTQE QYDBFKTTVT RHTMIHEQIT RLFHAFR.RD SHPMAVMCGI TGALAAFYHD SLDVNNP.. ....RHREI
Ac. acetii .......DB NASYBEVIYL LLNGELPNKV QYDTFTNTLT NHTLLHEQIR NFPNGFR.RD AHPMAILCGT VGALSAFYPD ANDIAIP... ....ANRDL
C. burnetii .......AD KSDYHEVCYL LMYGELPNKG BKEKFVRTIK EHTSVYEQVT KFFNGFH.YD AHPMAMVLST IGALSAFYHD ALDITKP... ....ADREL
R. prowazekii .......AE KSDFLBVAYL MIYGELPSSD QYCNFTKKVA HHSLVNERLH YLPQTFC.SS SHPMAIMLAA VGSLSAFYPD LLNFNET... ....DY.EL
B. subtilis (CitZ) .......TE NRSFEBIIYL LWHLRLPNKK ELEELKQQLA KEAAVPQEII EHFKSYSLBN VHPMAALRTA ISLLGLLDSE AD.TMNP... ....EANYR
P. furiosus .......AE LSTPEEWYL LWWGKLPSLS ELENFKKELA KSRGLPKEVI EIMEALP.KN THPMGALRTI ISYLGNIDDS GDIPVTP ....EBVYR
B. subtilis (CitA) .......AL NHSFEBAAYL ILFGKLPSTE ELQVFKDKLA ABRNLPEHIB RLIQSLP.NN MDDMSWRTV VSALG.... . BNTYTF... ....HPKTE
coagulaxis (strain C4) .......SK TKGYLDIVHL LLEGTIPNEA BKQHLBBTLK QBYDVPDBII QVLSLLP.KT AH PMDALRTG V8VLASPDTE L.LNRBH... ....STNLK
M. smegmatis .......AA QCSFBQ.VYL LWHGELP.TD QLALFSQRER ASRRIDRSMQ ALLAKLP.DN CHPMDWRTA ISYLGAEDLE BDVD.TA... ....EANYA
Tp. acidophilum .......AS GAQDBBIQYL PLYGNLPTEQ BLRKYKBTVQ KGYKIPDFVI NAIRQLP.RE SDAVAMQJ4AA VAAMAA..SB TKPKWNK
Consensus
201 I J 250 K



















C. elegans DSMDLLAKLP TVAAIIYRNL YRDGSAVSVI DPKKDWSANF SSML..... .GY.DDPLFA BLMRLYLVIH SDHEGGNVSA HTSHLVGSAL SDPYLSFSAA
Yeast (glyo) DSLDLLGKLP VIAAKIYRNV PKDGK.MGEV DPNADYAKNL VNLI..... .GS.KDEDPV DLMRLYLTIH SDHEGGNVSA HTSHLVGSAL SSPYLSLASG
Yeast(mito) DSLDLLGKLP VIASKIYRNV PKDGK.ITST DPNADYGKNL AQLL..... .GY.ENKDFI DLMRLYLTIH SDHEGGNVSA HTTHLVGSAL SSPYLSLAAG
N. crassa DSMDLIAKLP TIAARIYQNV FKGGK.VAAV QKDKDY8PNP ANQL..... .GFGDNKDFV BLLRLYLTIH TDHEGGNVSA HTTHLVGSAL SSPFLSVAAG
T. thermophila DSMDLIAKIP RVAAIIYRHK YRDSKLIDS. DSKLDWAGNY AHMM..... .GF.BQHWK ECIRGYLSIH CDHBGGNVSA HTTHLVGSAL SDPYLSYSAG
A . ani tra trun TAIRLIAKIP TLAAWSYK.. YTVGQPPIYP RNDLNYAENF LHFWFATPAD RDYKVNPVLA RAMDRIPTLH ADHE.QNAST STVRLAGSTG ANPYACISAG
P. aeruginosa SAHRLIAKMP TIAAMVYK.. YSKGBPH1YP RNDLNYAENF LWtlFNTPCE TK.PISPVLA KAMDRIFILH ADHE.QNAST STVRLAGSSG ANPPACIASG
B. coli AAFRLLSKMP IMAAMCYK.. Y8IGQPFVYP RNDLSYAGNF LNMMFSTPCE P.YEVNPILB RAMDRILILH ADHE.QNAST STVRTAGSSG ANPPACIAAG
Ac. acetii AAMRLIAKIP TIAAWAYK.. YTQGEAPIYP RNDLNYAENF LSMMFARMSE P.YKVNPVLA RAMNRILILH ADHE.QNAST STVRLAGSTG ANPFACIAAG
C. burnetii SAIRLIAKMP TLAAMSYK.. YSIGQPFMHP RRAMNYAENF LHMLPGTPYB BT.EPDPVLA RAMDRI PI LH ADHE.QNAST TTVRVAGSTG ANPFACISAG
R. prowazekii TAIRMIAKIP TIAAMSYK.. YSIGQPPIYP DNSLDFTENF LHMMFATPC. TKYKVNPIIK NALNKIFILH ADHE.QNAST STVRIAGSSG ANPFACISTG
S. subtilis (CitZ) KAIRLQAKVP GLVAAFSR.. IRKGLBPVEP REDYGIAENF LYTLNGE... . . . BPSPI8V EAPNKALILH ADHE.LNAST PTARVCVATL SDIYSGITAA
P. furiosus IGISVTAKIP TIVANWYR.. IKNGLEYVPP KEKLSHAANF LYMLHGB... ...EPPKBWE KAMDVALILY AEHE.INAST LAVMTVGSTL SDYYSAILAG
B. subtilis (CitA) EAIRLIAITP SIIAYRKR.. WTRGEQAIAP SSQYGHVBNY YYMLTGE... ...QPSEAKK KALETYMILA TBHG.MNAST FSARVTLSTE 6DLVSAVTAA
coagulans (strain C4) RAYQLLGKIP NIVANSYH.. ILHSEEPVQP LQDLSYSANP LYMITGK... ...KPTELEE KIFDRSLVLY 8BHE.LPNST FTARVIASTL SDLYGALTGA
M. smegmatis KSLRMFAVLP TIVATDIR.. RRQGLTPIPP HSQLGYAQNP LNMCFGE... . . . VPBPVW RAPBQSMVLY AEHS.FNAST FAARWTSTQ SDIYSAVTAA
Tp. acidophilum VAABMIGRMS AITVNVYR.. HIMtMPABLP KPSDSYABSP LNAAFGR... ...KATKBBI DAMNTALILY TDHE.VPAST TAGLVAVSTL SDMYSGITAA
Consensus . .H....S.
301 * N <H? , 350 . . . P g 400
Chicken















C. elegans MAGLAGPLHG LANQBVLVFL NKIVGBIGFN YTBBQLKBWV WKH..LKSGQ WPGYGHAVL RKT.DPRYBC QREFALKHLP N---DDLPK LVSTLYKITP
Yeast(glyo) LNGLAGPLHG RANQEVLEWL PALKEBVNDD YSKDTIBKYL WDT..LNSGR VIPGYGHAVL RKT.DPRYMA QRKFAMDHFP D---YBLFK LVSSIYEVAP
Yeast(mito) LNGLAGPLHG RANQEVLEWL FKLREEVKGD YSKETIBKYL WDT..LNAGR WPGYGHAVL RKT.DPRYTA QREFALKHFP D---YBLPK LV8TIYBVAP
N. crassa LNGLAGPLHG LANQBVLNWL TEMKXVIGDD LSDBAITKYL WDT..LNAGR WPGYAHAVL RKT.DPRYSA QRKPAQEHLP E___DPMPQ LVSQVYKIAP
T. thermophila VNGLAGPLHG LANQEVLKWL LQFIEEKGTK VSDKDIBDYV DHV..ISSGR WPGYGHAVL RDT.DPRPHH QVDFSKPHLK D___DCplIK LLHQCADV1P
A. anitratum ISALWGPAHG GANEAVLKML DBIG..... .SVENVAEFM EKVKRKE. .V KLMGPGHRVY .KNFDPRAKV MKQTCDEVLE ALG.IN.DPQ LALAMELERI
P. aeruginosa IAALWGPAHG GANEAVLRML DBIG..... .DVSNIDKPV EKAKDKNDPF KLMGPGHRVY .KNFDPRAKV MKQTCDEVLQ BLG.IN.DPQ LELAMKLEEI
B. coli 1ASLWGPAHG GANEAALKML BE IS..... .SVKHIPBPF RRAKDKNDSP RLMGFGHRVY .KNYDPRATV MRETCHEVLK ELG.TK.DDL LBVAMELENI
Ac. acetii IAALWGPAHG GANEAVLKML ARIG..... .KKENIPAFI AQVKDKNSGV KLMGFGHRVY .KNFDPRAKI MQQTCHBVLT ELG.IKDDPL LDLAVELEKI
C. burnetii ISALWGPAHG GANEACLhML RKIG..... .DEKNIGQYI KKAKDKNDPF RLMGFGHRVY .KNYDPRAKV MQKTCYEVLD AVG.RHNBPL PKLAIKLEKI
R. prowazekii IASLWGPAHG GANEAVINML KEIG..... .SSBNIPKYV AKAKDKNDPF RLMGFGHRVY .KSYDPRAAV LKETCKBVLN ELGQLDNNPL LQIAIELEAL
B. subtilis (CitZ) IGALKGPLHG GANEGVMKML TBIG..... .EVENAEPYI .RAK.LEKKE KIMGFGHRVY .KHGDP RAND LKEMSKRLTN LTGE.SKWYE MSIRIE___
P. furiosus IGALKGPIHG GAVEEAIKQF MBIG..... .SPEKVEBWF .FKA.LQQKR KIMGAGHRVY .KTYDPRARI FKKYASKL.. ..GD.KKLFE IAERLE___
B. subtilis (CitA) LGTMKGPLHG GAPSAVTKML BDIG..... .EKEHAEAYL .KEK.LEKGE RLMGFGHRVY .KTKDPRAEA LRQKAEEV.. .AGN.DRDLD LALHVEAEAI
coagulans (strain C4) VASLKGHLHG GANEAVMEML QDAQ..... .TVEGFKHLL .HDK.LSKKE KIMGFGHRVY MKKMDPRAAM MKEALKELSA VNGD.DLLLQ MCBAGE---
M. smegmatis IGALKGSLHG GANEAVMHDM LBIG..... .SAEKAPEWL . HGK. LSRKE KVMGFGHRVY .KNGDSRVPT MKVALEQVAQ VRDG.QRWLD IYNTLE___
Tp. acidophilum LAALKGPLHG GAAEAAIAQF DBIK..... .DPAMVEKWP .NDNIINGKK RLMGFGHRVY .KTYDPRAKI FKGIAEKLSS KKPEVHKVYE IATKLEDFGI
Consensus ....G..HG -A....... ...G..H.V.
401 Q * * R 1? * 450 * T 486
Chicken NVLLBQGAAA NPWPNVDAHS GVLLQYYGMT B.MNYYTVLF GVSRALGVLA QLI.WSRALG FPLERPKSMS TDGLIAL...
Pig NVLLEQGKAK NPWPNVDAHS GVLLQYYGMT E.MNYYTVLF GVSRALGVLA QLI.WSRALG FPLERPKSMS TDGLIKLVDS K....
C. elegans GILLEQGKAK NPWPNVDSHS GVLLQYFGMT B.M8PYTVLP GVSRALGCLS QLI.WARGMG LPLERPKSHS TDGLIKLALA AKK...
Yeast(g lyo ) GVLTBHGKTK NPWPNVDAHS GVLLQYYGLK E.SSPYTVLF GVSRAFGILA QLI.TDRAIG ASIERPKSYS TBKYKELVKN IBSKL.
Yeast(mito) GVLTKHGKTK NPWPNVDSHS GVLLQYYGLT B.ASFYTVLP GVARAIGVLP QLI.IDRAVG APIERPKSFS TBKYKELVKK IBSKN.
N. crassa KVLTBHGKTK NPYPNVDAHS GVLLQHYGLT E.ANYYTVLF GVSRAIGVLP QLI.IDRAVG APIERPKSYS TDKWIEICKK L....
T. thermophila KKLLTYKKIA NPYPNVDCHS GVLLYSLGLT B. YQYYTWP AVSRALGCMA NLI.WSRAFG LPIERPGSAD LKWFHDKYRE
A. anitratum ALNDPYFVER KLYPNVDPYS GIILKAIGIP ..TEMFTVIP ALARTVGWIS HWLBMHSGP. YKIGRPRQLY TGEVQRDIKR
P. aeruginosa ARHDPYFVER NLYPNVDFYS GIILKAIGIP ..TSMFTVIF ALARTVGWIS HWQEMLSGP. YKIGRPRQLY TGHTQRD FTA LKDRG.
B. coli ALNDPYFIBK KLYPNVDPYS GIILKAMGIP ..SSMFTVIF AMARTVGWIA HWSEMHSDG. MKIARPRQLY IGYEKRDFKS DIKR..
Ac. acetii ALSDDYFVQR KLYPNVDPYS GIILKAMGIP ..TSMFTVLF AVARTTGWVS QWKEMIEEPG QRISRPRQLY IGAPQRDYVP LAKR..
C. burnetii ALEDDYFIEK KLYPNVDPYS GLTLNAIGIP . . SW4FTVIP ALSRTVGWIS HWMEMMSSPD HRLARPRQLY TGETEREVIS LDKRQA
R. prowazekii ALKDBYFIER KLYPNVDPYS GIIYKAMGIP ..SQMPTVLF AIARTVGWMA QWKEMHEDPE QKISRPRQLY TGYVHREYKC IVERK.
B. subtilis (CitZ) DIVT...SEK KLPPNVDFYS ASVYHSLGID H..DLFTPIP AVRRMSGWLA HILBQYDN.N .RLIRPRADY TGPDKQKFVP IEBRA.
P. furiosus RLVEEYLSKK GISINVDYWS GLVFYGMKIP I. .BLYTTIP AMGRIAGWTA HLAEYVSH.N .RIIRPRLQY VGBIGKKYLP IBLRR.
B. subtilis (CitA) RLLEIYKPGR KLYTNVBFYA AAVMRAIDFD D. .BLFTPTP SASRMVGWCA HVLEQAEN.N .MIFRPSAQY TGAIPEEVLS
coagulans (strain C4) ...QIMREEK GLPPNLDYYA APVYWKLGIP I..PLYTPIF FSSRTVGLCA HVMEQHEN.N . RIFRPRVLY TGARNLRVED
M. smegmatis ...SAMFAAT RIKPNLDF.P TGAYYLMDFP I. .ESFTPLF VMSRITGWTA HIMEQAAS.N .ALIRPLSEY SGQPQRSLV.
Tp. acidophilum 
Consensus
KAF___GSK GIYPNTDYFS GIVYMSIGFP LRNNIYTALF
.....T. .F
ALSRVTGWQA HFIEYVEEQQ .RLIRPRAVY VGPAERKYVP IAERK.
Multiple alignment of all known citrate synthase amino acid sequences. The residues that 
are conserved throughout all sequences are shown below as the consensus, and the 
active site residues in the pig enzyme are marked with an *. The a-helical secondary 






5. Yeast (mito) 
6. N. crassa
7. T. thermophila 
8. A. anitratum 
9. Ps. aeruginosa 
10. E. coli 
11. C. burnetii 
12. Ac. acetii 
13. R. prowazekii 
14. B. subtilis (CitZ) 
15. P. furiosus 
16. M. smegmatis 
17. B. subtilis (CitA) 













































































Table 3.1 Percentage identities between the amino acid sequences of citrate synthase
50
A multiple alignment of dimeric citrate synthase amino acid sequences was 
generated (Fig. 3.2). Sequences from Caenorhabditis elegans, Neurospora crassa, 
P. furiosus and two Bacillus species were not included since they were determined 
after the date of the compilation used in the subsequent homology-modelling 
exercise. The alignment of dimeric citrate synthases was compared to another 
alignment of all the enzyme sequences available at the time, again not including 
those sequences mentioned above. Both alignments were in close agreement, and 
the similarities described in section 3.2.2.1 were maintained in the alignment of 
dimeric citrate synthases. It was decided that the multiple alignment of the dimeric 
citrate synthases would be used in the homology modelling of the enzyme from 
Tp. acidophilum, thus eradicating any bias in the alignment due to the inclusion of 
hexameric citrate synthases. The validity of the alignment in Fig. 3.2 will be 
assessed in section 3.2.6.
3.2.2 SEQUENCE COMPARISONS
The multiple alignment of all citrate synthase amino acid sequences (Fig. 3.1) can 
be used to highlight similarities and differences amongst individual sequences.
3.2.2.1 SEQUENCE SIMILARITIES
The 11 active site residues are particularly well conserved in the alignment, with six 
of these residues conserved in all 19 sequences. There is a total of 20 residues 
that are conserved throughout all the sequences (identified as the consensus in Fig. 
3.1). Six of these conserved residues are Gly and ten are polar. Using the 3D 
structure of pig citrate synthase it would appear that 16 of the conserved residues 
occur within the loop regions between helices, or at the termini of helices. The 
majority of the polar residues are positioned around the active site residues, and 
thus it would appear that most of the conserved residues could play an important 















..... ASST NLKDVLAALI PKEQARIRTF RQQHGGTALG QITV.DMSYG
..... ASST NLKDILADLI PKEQAR I RTF RQQHGNTWG QITV.DHMYG
..... SQEK TLKERFSEIY PIHAQDVRQF VKEHGKTKIS DVLL.EQVYG
 ASEQ TLKERFAEII PAKAQEIKKF KKEHGKTVIG EVLLEEQAYG
...... SQT NLKKVIAEII PQKQAELKEV KEKYGDKWG QYTV.KQVIG
 APQQA LRTAALRRLQ PVRLRHLQLR RAGGESMTTA TESEAPRIHK
................................................VNTNQFIP
..SNRK  AKLSFENQSV EFPIYSPTLG KDVIDVKTLG NHGAY.ALDV
TNGNNNNLEF AELKIRGKLF KLPILKASIG KDVIDISRVS AEADYFTYDP
................................................PETEEISK
GMRGMKGLVY ETSVLDPDEG .IRFRGFSIP ECQKLLPKGG ..... XGGE
GMRGMKGLVY ETSVLDPDEG .IRFRGYSIP ECQKMLPKAK ..... GGEE
GMRGIPGSVW EGSVLDPEDG .IRFRGRTIA DIQKDLPKAK ..... GSSQ
GMRGIKGLVW EGSVLDPEEG .IRFRGRTIP EIQRELPKAE ..... GSTE




GLEGVIASET KISFLOTVNS EIVIKGYDLL A.L...... ...... SKT
GFYSTAACES KITFIDGEKG ILLYRGYPID Q-L...... ...... ADK
GFMSTASCQS TITYIDGDKG ILWYRGYDIK D.L...... ...... AEK
GLEDVNIKWT RLTTIDGNKG ILRYGGYSVE DII...... ...... ASG
101 ISO * 700
Chicken PLPEGLFWLL VTGQIPTGAQ VSWLS KEWAK RAALPSHWT MLDNFPTNLH PMSQLSAAIT ALNSESNFAR AYAEG.ILRT KYWEMVYESA MDLIAKLPCV
Pig [87] PLPEGLFWLL VTGQIPTEEQ VSWLSKEWAK RAALPSHWT MLDNFPTNLH PMSQLSAAIT ALNSESNFAR AYAEG.IHRT KYWELIYEDC MDLIAKLPCV
Yeast(glyo) PLPEALFWLL LTGEVPTQAQ VENLSADLMS RSELPSHWQ LLDNLPKDLH PMAQFSIAVT ALESESKFAK AYAQG.ISKQ DYWSYTFEDS LDLLGKLPVI
Yeast (mito) PLPEALFWLL LTGEIPTDAQ VKALSADLAA RSEIPEHVIQ LLDSLPKDLH PMAQFSIAVT ALESESKFAK AYAQG.VSKK EYWSYTFEDS LDLLGKLPVI
, thermophila PLPEGIFWLL MTGQLPTHAQ VDALKHEWQN RGTVNQDCVN FILNLPKDLH SMTMLSMALL YLQKDSKFAK LYDEGKISKK DYWEPFYEDS MDLIAKIPRV
M. smegmatis QCSFEQVYLL WHGELPTD.Q LALFSQRERA SRRIDRSMQA LLAKLPDNCH PHDWRTAIS YLGAEDLEED VDTAEANYA. K....... S LRMFAVLPTI
B . coagulans KGYLDIVHLL LEGTIPNEAE KQHLEETLKQ EYDVPDEIIQ VLSLLPKTAH PMDALRTGVS VLAS F DTE LL NREHSTNLK. R ....... A YQLLGKIPNI
C. burnetii SDYMEVCYLL MYGELPNKGE KEKFVRTIKE HTSVYEQVTK FFNGFHYDAH PMAHVLSTIG ALSAFYHDAL DITKPADREL S ....... A IRLIAKMPTL
?. prowazekii SDFLEVAYLM IYGELPSSDQ YCNFTKKVAH HSLVNERLHY LFQTFCSSSH PMAIMLAAVG SLSAFYPDLL NFNE.TDYEL T ....... A IRMIAKIPTI
. acidophilum AQDEEIQYLF LYGNLPTEQE LRKYKETVQK GYKIPDFVIN AIRQLPRESD AVAMQHAAVA AMAAS.ETKF KWNKDTDRDV A ....... A .EMIGRHSAI
CONSENSUS ....... L.
201 2S0 * * 300
Chicken AAK1YRNLYR AGSSIGAIDS KLDWSHNFTN ML.... . .G YTDAQFTELM RLYLTIHSDH EGGNVSAHTS HLVGSALSDP YLSFAAAMNG LAGPLHGLAN
Pig [188] AAKIYRNLYR EGSSIGAIDS KLDWSHNFTN ML.... . .G YTDAQFTELM RLYLTIHSDH EGGNVSAHTS HLVGSALSDP YLSFAAAMNG LAGPLHGLAN
Yeast(glyo) AAKIYRNVFK DG.KMGEVDP NADYAKNLVN LI.... . .G SKDEDFVDLM RLYLTIHSDH EGGNVSAHTS HLVGSALSSP YLSLASGLNG LAGPLHGRAN
Yeast(mito) ASKIYRNVFK DG.KITSTDP NADYGKNLAQ LL.... YENKDFIDLM RLYLTIHSDH EGGNVSAHTT HLVGSALSSP YLSLAAGLNG LAGPLHGRAN
. thermophila AAIIYRHKYR DSKLIDS.DS s > X MM.... FEQHWKECI RGYLSIHCDH EGGNVSAHTT HLVGSALSDP YLSYSAGVNG LAGPLHGLAN
M. smegmatis VATDIR..RR QGLTPIPPHS QLGYAQNFLN MCFGEV. . PEPWVRAF EQSMVLYAEH S .FNASTFAA RWTSTQSDI YSAVTAAIGA LKGSLHGGAN
B . coagulans VANSYH. . IL HSEEPVQPLQ DLSYSANFLY MITGKK. .PTELEEKIF DRSLVLYSEH E .LPNSTFTA RVIASTLSDL YGALTGAVAS LKGHLHGGAN
c. burnetii AAMSYK. . YS IGQPFMHPRR AMNYAENFLH MLFGTPYEET EPDPVLARAM DR IFILHADH E .QNASTTTV RVAGSTGANP FACISAGISA LWGPAHGGAN
?. prowazekii AAMSYK. .73 IGQPFIYPDN SLDFTENFLH MMFATPCTKY KVNPIIKNAL NKIFILHADH E.QNASTSTV RIAGSSGANP FACISTGIAS LWGPAHGGAN
. acidophilum TVNVYR ..HI MNMPAELPKP SDSYAESFLN AAFGR KATKE BID.... AM NTALILYTDH E .VPASTTAG LVAVSTLSDM YSGITAALAA LKGPLHGGAA
CONSENSUS
301 350 400
Chicken QEVLGWLAQL QKAXXXAGAD ASLRDYIWNT L. . NSGRWP GYGHAVLRKT DPRYTCQREF ALKHLPGDPM FKLVAQLYKI VPNVLLEQGA .... AANPW
Pig [279] QEVLVWLTQL QKEVGKDVSD EKLRDYIWNT b. . NSGRWP GYGHAVLRKT DPRYTCQREF ALKHLPKDPM FKLVAQLYKI VPNVLLEQGK .... AKNPW
Yeast(glyo) QEVLEWLFAL KEEVNDDYSK DTIEKYLWDT b. .NSGRVIP GYGHAVLRKT DPRYMAQRKF AMDHFPDYEL FKLVSSIYEV APGVLTE HGK .... TKNPW
Yeast(mito) QEVLEWLFKL REEVKGDYSK ETIEKYLWDT L. . NAGRWP GYGHAVLRKT DPRYTAQREF ALKHFPDYEL FKLVSTIYEV APGVLTKHGK .... TKNPW
T. thermophila QEVLKWLLQF IEEKGTKVSD KDIEDYVDHV I. . SSGRWP GYGHAVLRDT DPRFHHQVDF SKFHLKDDQM IKLLHQCADV IPKKLLTYKK .... 1ANPY
M. smegmatis EAVMHDMLEI G-- EKAPEWLHGK LSRKE..KVM GFGHRVY.KN GDSRVPTMKV ALEQVAQVRD GQRWLDIYN. ...... TLE SAMFAATRIK
B . coagulans EAVMEMLQDA Q ---..,.TV EGFKHLLHDK LSKKE..KIM GFGHRVYMKK MDPRAAMMKE ALKELSAVNG DDLLLQMCE. ...... AGE QIMREEKGLF
c. burnetii EACLNMLRKI G____DE KNIGQYIKKA KDKNDPFRLM GFGHRVY . KN YDPRAKVMQK TCYEVLDAVG R . HNEPLFKL AIKLEKIALE DDYFIEKKLY
R. prowazekii EAVINMLKEI G. . .___SS ENIPKYVAKA KDKNDPFRLM GFGHRVY.KS YDPRAAVLKE TCKEVLNELG QLDNNPLLQI AIELEALALK DEYFIERKLY








Pig [372] PNVDAHSGVL LQYYGMT.EM NYYTVLFGVS RALGVLAQLI .WSRALGFPL ERPKSMSTD- ..GLIKLVDS K. .
Yeast(glyo) PNVDAHSGVL LQYYGLK.ES SFYTVLFGVS RAFGILAQLI . TDRAIGASI ERPKSYSTEK YKELVKNIES KL.
Yeast(mito) PNVDSHSGVL LQYYGLT.EA SFYTVLFGVA RAIGVLPQLI .IDRAVGAPI ERPKSFSTEK YKELVKKIES KN .
?. thermophila PNVDCHSGVL LYSLGLT.EY QYYTWFAVS RALGCMANLI .WSRAFGLPI ERPGSADLKW FHDKYRE...
M. smegmatis PNLD.FPTGA YYLMDFPI.. ESFTPLFVMS RITGWTAHIM EQAAS. .NAL IRPLSEYSGQ PQRSLV---
B . coagulans PNLDYYAAPV YWKLGIPI.. PLYTPIFFSS RTVGLCAHVM EQHEN..NRI FRPRVLYTGA RNLRVED...
C. burnetii PNVDFYSGLT LNAIGIP..S NMFTVIFALS RTVGWISHWM EMMSSPDHRL ARPRQLYTGE TEREVISLDK RQA
R. prowazekii PNVDFYSGII YKAMGIP..3 QMFTVLFAIA RTVGWMAQWK EMHEDPEQKI SRPRQLYTGY VHREYKCIVE RK.
>. acidophilum PNTDYFSGIV YMSIGFPLRN NIYTALFALS RVTGWQAHFI EYVEE.QQRL IRPRAVYVGP AERKYVPIAE RK.
CONSENSUS PN.D.....
Multiple alignment of dimeric citrate synthase amino acid sequences available at the time. 
The active site residues (*) and the residue number (in [ ]) of the pig enzyme are shown, as 
are the conserved residues (consensus sequence).
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3.2.1.2 SEQUENCE DIFFERENCES
There are three major differences between the citrate synthase sequences, 
detected from the multiple alignment (Fig. 3.1). A number of the enzyme sequences 
are shorter than the rest by approximately 40 residues at the N-terminal end of the 
protein. These 'short-form' enzymes are found in all the archaeal organisms, in the 
Bacillus species and in Mycobacterium. The N-terminal peptides of citrate synthase 
isolated from two Archaea, Haloferax volcanii and Sulfolobus solfataricus have been 
determined [James et al., 1991; Lill et al., 1992], and it would seem that these 
enzymes are also of the 'short-form', since the peptides align with the N-terminus of 
Tp. acidophilum citrate synthase. In pig citrate synthase, the N-terminus of the 
protein forms a large helix that sits on the surface of the molecule exposed to 
solvent, and interacts with the same residues of the other subunit upon dimer 
formation.
The second difference involves four residues that are conserved throughout all the 
citrate synthase sequences except that from Tp. acidophilum (Table 3.2). Two of 
these residues, Val 96 and Met 106, are found in helix G, which sits at the subunit 
interface of the Tp. acidophilum citrate synthase dimer, although they are not 
involved in inter-subunit contacts. The other two residues, Ser 132 and Ser 159, 
are buried within the monomer structure. In pig citrate synthase, Pro 183, the 
equivalent residue to Ser 132 in the archaeal enzyme, is known to cause the kink in 
helix I; this helix is still kinked, but not to such a large extent, in the archaeal crystal 
structure. Ser 159 is involved in six hydrogen bonds through the side chain and 
main chain, whereas the equivalent residue in pig citrate synthase, Asn 212, has 
two main chain hydrogen bonds only.
The final obvious difference as seen from the multiple sequence alignment in Fig. 
3.1, is the Ala content of helix G. This region of the Tp. acidophilum citrate 
synthase sequence has a significantly higher number of Ala residues (50% of the 
residues), when compared to the same region of all other sequences, for example, 
in pig citrate synthase only 20% of these residues are Ala.
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Conserved residue in all CS's 
(pig numbering)
Unique residue in 
Tp. acidophilum CS
Met 138 Val 96
Leu 148 Met 106
Pro 183 Ser 132
Asn 212 Ser 159
Table 3.2 The four residues that are unique to citrate synthase (CS) from Tp. acidophilum, but 
conserved in all the other citrate synthase sequences (represented by the pig citrate 
synthase residues).
3.2.3 AMINO ACID CONTENT AND EXCHANGES
Using the structural sequence alignment of citrate synthase from pig and 
Tp. acidophilum (Fig. 3.6(a), section 3.2.6), a matrix of amino acid exchanges 
between the two proteins has been produced (Table 3.3). The amino acid content 
of both sequences is also shown on the matrix. There are a number of interesting 
points to note from Table 3.3. For example, the most prominent amino acid type in 
Tp. acidophilum citrate synthase is Ala, whereas in pig citrate synthase it is Leu. 
The majority of residue types exchanging with the Ala are Asn, Ser and Val. 
Focusing on the thermophilic protein, there are significantly more Glu and Lys 
residues, and fewer His, Asn and Gin residues than in the mesophilic protein. The 
number of Asp and Arg residues is approximately the same in both citrate 
synthases. The polar amino acids together with Gly, Ala, Leu and Pro are amongst 
the most conserved residue types between pig and Tp. acidophilum citrate 
synthases.
54
A C D E F G H 1 K L M N P Q R S T V W Y
A 8 2 2 1 2 1 1 1 3 4 2 5 2 7 1 2 44
C 0
D 5 4 2 1 1 2 1 1 1 1 19
E 1 1 3 1 1 1 3 2 1 1 5 2 2 1 1 1 1 30
F 1 1 2 2 5 1 1 1 1 15
G 1 2 12 0 1 1 1 2 3 1 26
H 1 3 1 1 6
1 2 0 1 2 2 2 9 1 2 1 3 3 2 31
K 3 2 1 2 1 3 1 1 1 2 3 1 2 1 2 30
L 1 2 1 2 3 8 2 1 4 24
M 1 3 1 2 2 1 1 1 12
N 1 2 3 1 1 1 1 1 15
P 1 1 1 2 1 1 7 1 1 17
Q 1 1 2 1 3 1 1 10
R 1 1 1 2 1 1 1 5 1 1 1 2 19
S 1 1 5 1 2 6 2 19
T 6 1 1 1 1 3 1 2 2 2 1 21
V 2 2 2 1 3 3 4 1 1 2 1 22
W 2 1 4
Y 2 1 2 1 3 2 2 2 4 20
33 4 21 24 12 33 14 19 25 53 15 18 22 17 19 29 23 28 9 19
Table 3.3 Amino acid exchanges between pig citrate synthase (listed horizontally) and 
Tp. acidophilum citrate synthase (listed vertically) using data from the sequence 
alignment Fig. 3.6(a) Example: 4 Cys residues in pig citrate synthase are exchanged 
with 2 Ala and 2 lie residues in Tp. acidophilum citrate synthase. The amino acid 
contents are listed at the sides of the matrix.
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3.2.4 SECONDARY STRUCTURE PREDICTIONS
Prior to homology modelling the 3D structure of Tp. acidophilum citrate synthase, 
the secondary structure of the molecule was predicted, from the amino acid 
sequence, using the program PREDICT [Eliopoulos et al., 1982]. To test the validity 
of the program, the secondary structure of pig citrate synthase was predicted also 
and compared with the previously characterised structure [Remington et al., 1982] 
(Fig. 3.3). PREDICT estimates secondary structures by using the joint prediction 
from eight individual algorithms [referenced in Eliopoulos et al., 1982]. The 
propensities of each residue to form part of an a-helix, a p-strand and a turn are 
calculated and plotted for each algorithm; the consensus is then taken as the 
predicted structure.
From the prediction program, circular dichroism work [Russell, 1994] and the 
multiple sequence alignment (Fig. 3.2), it appears that the secondary structure 
between citrate synthase from pig and Tp. acidophilum is quite well conserved.
When the known and predicted secondary structures of pig citrate synthase were 
compared, it was obvious that the program was fairly good at predicting the areas of 
secondary structure but not accurate enough to predict the length of the helices. 
Since the pattern of predicted structures for Tp. acidophilum citrate synthase is 
similar to that for pig citrate synthase, one can assume that the areas of secondary 
structure had been defined but the length of helices remained unknown. The 
secondary structure of Tp. acidophilum citrate synthase predicted by the program 
gave similar results to that predicted from the alignment utilising the known 
secondary structure of the pig enzyme. This means that the alignment of dimeric 
citrate synthases should be suitable for use in the modelling.
56
PIG CS (1) 
TP CS (1)
PIG CS (50) 
TP CS (15)
PIG CS (99) 
TP CS (58)
PIG CS (151) 
TP CS (108)
PIG CS (198) 
TP CS (146)
PIG CS (241) 
TP CS (190)
PIG CS (291) 
TP CS (238)
PIG CS (339) 
TP CS (281)
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Fig. 3.3 Predicted helical secondary structures (underlined) for citrate synthase (CS) from pig and 
Tp. acidophilum. The residues involved in the actual secondary structure of pig citrate 
synthase, as determined from the X-ray crystal structure [Remington et al., 1982], are in 
upper case. The number in brackets refers to the residue number of the amino acid 
following immediately.
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3.2.5 HOMOLOGY MODELLING OF TP. ACIDOPHILUM CITRATE 
SYNTHASE
The 3D structure of Tp. acidophilum citrate synthase was homology modelled using 
the crystal structure of the open form of the pig heart enzyme as the template 
(2CTS.PDB) (section 2.1). The multiple sequence alignment of dimeric citrate 
synthases was used to define the residue replacements, insertions and deletions 
from pig to Tp. acidophilum citrate synthase. Analysis identified five regions of the 
model where the residues have low suitability to their environment. These regions 
corresponded to the N and C-termini, helix H, the region prior to and including helix 
K, and finally the C-terminal end of helix Q. The conformation of the sequences of 
residues involved in these regions could not be altered any further without 
drastically changing the secondary structure of the protein molecule.
Comparing the 3D structure of pig citrate synthase with that of the modelled 
archaeal enzyme, it was clear that the overall 3D structure was very well conserved 
(Fig. 3.4) with an rms deviation of 1.85 A over the entire peptide backbone. The 
secondary structure was also well conserved (Fig. 3.5), as suggested by the 
predictions in section 3.2.4. Previous work has estimated the error margin of a 
protein model compared to the actual structure to be approximately 3.4A [Bohm & 
Jaenicke, 1994], and since this level of error is large enough to affect interactions 
between residues, the interactions within the monomer and between the subunits of 
the modelled citrate synthase were not investigated.
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Fig. 3.4 a-Carbon traces of the crystal structure of the pig citrate synthase subunit (yellow) and 
the modelled Tp. acidophilum citrate synthase subunit (red).
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1 A B 50
PIG CS (1) asstNLKDIL ADLIPKEQAR IKTFRQQHGn tvvgqiTVDM MYGgmrgmkg
TP CS (1)  PETEE ISKgledvni
51 C D  100
P IG C S (5 1 ) lvyetsvldp deg.irfrgy SIPECQKMLp kakggeepLP EGLFWLLVTG
TP CS (16) kwtrlttidg nkgilryggy svedii...........asgaqD EEIQYLFLYg
101 E F G 150
PIG CS (100) qipTEEQVSW LSKEWAKRAa 1PSHWTMLD NFptnlHPMS QLSAAITALN
TP CS (58) nlpTEQELRK YKETVQKGyk iPDFVINAIR QLpresDAVA MQMAAVAAMa
151 H I 200
PIG CS (150) SESNFARAYA EGi.HRTKYW ELIYEDCMDL IAKLPCVAAK IYRnlyregs
TP CS (108) aS.ETKFKWN KDtd  rd.va..aEM IGRMSAITVN VYR..himnm
201 J K 250
PIG CS (199) sigaidsklD WSHNFTNML. G.yt.DAQFT ELMRLYLTIH SdheggNVSA
TP CS (146) paelpkpsdS YAESFLNAAF GRKAtk.eEI DAMNTALILY TdheV.PAST
251 L M N 300
PIG CS (246) HTSHLVGSAL sDPYLSFAAA MNGlagplHG LANQEVLVWL TQLQKEvgkd
T P C S (1 9 5 ) TAGLVAVSTL sDMYSGITAA LAALKgplhg GAAEAAIAQF DEI...k...
301 O P 350
PIG CS (296) vSDEKLRDYI WNTLN.SGrv vpgyghavlr ktDPRYTCQR EFALKHLphD
TP CS (241) DP.AMVEKWF NDNIINGkkr lmgfghrvy. ktyDPRAKIF KGIAEKlssK
351 Q R 400
PIG CS (345) PMFKLVAQLY KIVPNVLLEQ Gk . .aknpwp NVDAHSGVLL QYYGmt.eMN
TP CS (286) KPEVHK.VYE IATKLEDFGI KAfgskgiyp ntDYFSGIVY MSIGfplRNN
401 S T  450
PIG CS (392) YYTVLFGVSR ALGVLAQLIW SRALGfpler pksmSTDGLI KLv..d..sk
TP CS (335) IYTALFALSR VTGWQAHFIE YVEEQqrlir pravYVGPAE RKYVPIaerk
Fig. 3.5 Secondary structures (in upper case) in the 3D model of Tp. acidophilum citrate synthase 
are compared to those of pig citrate synthase. The helices of the pig enzyme are labelled 
A to T. The alignment is a structural alignment compiled using the Structure Homology 
Program [Stuart, 1979],
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3.2.6 ANALYSING THE VALIDITY OF HOMOLOGY MODELLING
Shortly after the model of Tp. acidophilum citrate synthase was created, the crystal 
structure of the protein was solved to 2.5 A resolution [Russell et al., 1994]. 
Understandably, the crystal structure of the archaeal enzyme was to be used in 
further comparative analyses between mesophilic and thermophilic citrate 
synthases. At this point, the validity of the model was assessed by a comparison 
with the X-ray crystal structure from which the weak features of the modelling 
process can be identified and taken into account in future modelling studies. The 
three aspects of modelling that were analysed included the sequence alignment, the 
secondary structure and the overall conformation of the protein molecule.
(a) The first step in modelling a protein involves compiling a suitable alignment of 
the amino acid sequence of the template protein with that of the protein to be 
modelled. The sequence alignment used in the modelling procedure was that of 
dimeric citrate synthases (Fig. 3.2). During the process of homology modelling, 
particular areas of the basic alignment were not adhered to strictly since some 
changes were very difficult to accommodate into the 3D template structure of the 
pig enzyme. Therefore, for the comparisons, a structural sequence alignment was 
generated, as shown in Fig. 3.5, using the Structure Homology Program [Stuart, 
1979] to superimpose the X-ray crystal structure of citrate synthase from pig on both 
the modelled and the crystal structures of the archaeal enzyme (Fig. 3.6). Using 
Fig. 3.6, the relative alignment of the two Tp. acidophilum citrate synthase 
sequences was analysed. Overall, the archaeal sequences appear to be quite well 
aligned with a 69% identity between the residues. In the majority of cases, the 
areas that are not in agreement occur in the loop regions between helices, or at the 
termini of helices such as H, I, K and Q.
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PIG CS (1
a) TP CS (1
b) TP CS (1
PIG CS (51
a) TP CS (16
b) TP CS (16
PIG CS (99
a) TP CS (57
b) TP CS (57
PIG CS (149
a) TP CS (107
b) TP CS (107
PIG CS (197
a) TP CS (145
b) TP CS (144
PIG CS (243
a) TP CS (192
b) TP CS (192
PIG CS (293
a) TP CS (241
b) TP CS (241
PIG CS (341
a) TP CS (283
b) TP CS (282
PIG CS (384
a) TP CS (326
b) TP CS (326
PIG CS (432
a) TP CS (375





































































































































































Fig. 3.6 Structural alignment of citrate synthases generated from the X-ray crystal structures of 
the enzyme from pig, Tp. acidophilum (a) and the 3D model of the latter protein (b). The 
3D structure was not designated for certain residues at the N- and C-termini of the crystal 
structure of Tp. acidophilum citrate synthase (shown in upper case) due to poor electron 
density in these areas. The a-helices of pig citrate synthase are shown in bold uppercase 
and are labelled A to T.
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(b) The secondary structures found in the model and crystal structure of 
Tp. acidophilum citrate synthase were compared. The positions of the structures 
are shown in Fig. 3.7, and the rms deviations over all the main chain atoms of the 
helices are shown in Table 3.4. There is a high degree of homology between the 
majority of the secondary structures as indicated by the low rms deviation values. 
The areas of lower agreement include the region around helices I, P and Q and also 
the termini of many helices. A major difference between the secondary structures 
involves Helix H, a helix that is present in the crystal structure of pig citrate synthase 
and the model of Tp. acidophilum citrate synthase, but is absent in the crystal 
structure of the latter protein.
c
1 peteeiskcrl edvnikwtrl ttidgnkgil ryqqysVEDI IAsqaqDEEI 50
D E F G
51 QYLFLYqnlp tEOELRKYKE TVqkqvkipD FVINAIRqlp resdAVAMOM 100
I
101 AAVAAMAASe tkfkwnkdtD RDVAAEMIGR MSAlTVNVYR HImnmpaelp 150
J K L
151 kpsdsYAESF LNAAFqrkat KEEIDAMNTA LILYtdhevp ASTTAGLVAV 200
M N O
201 stlsDMYSGI TAALAALkqp lhqqAAEAAI AOFDEIkdpa mVEKWFNDNi 250
P Q
251 ingkkrlmgf ghrwktvdP RAKIFKGIAE KLSskKPEVH KVYEIATKLE 300
R S
3 01 DFGIKAFgsk giypnTDYFS GIVYMSIgfp lrnnlYTALF ALSRVTGWOA 350
351 HFIEYVEEqq rlirpravvv c m a e r k v v v i  a e r k  384
Fig. 3.7 Helical secondary structures of Tp. acidophilum citrate synthase as determined from the 
X-ray crystal structure [Russell et al., 1994] (upper case and with helices labelled C to S) 
and from the modelled protein (underlined). The secondary structures of residues at the 
N- and C-termini of the crystal structure (italics) have not been determined due to poor 






C 2.64 L 1.27
D 1.97 M 0.88
E 1.74 N 2.05
F 1.92 0 2.86
G 0.84 P 4.94
I 3.18 Q 5.51
J 2.42 R 2.17
K 1.25 S 1.90
Table 3.4 RMS deviations between the a-helices of the crystal structure of Tp. acidophilum citrate 
synthase [Russell et al., 1994] and those of the modelled protein. Values were 
calculated using the program ASH [Stuart et al., 1979] to superimpose the two 
structures upon each other. Since the model is of the closed citrate synthase form and 
the crystal structure is of the open citrate synthase form, the superimposition was 
carried out in two stages, determined by the residues of the small and large domains, 
residues 225-327 being the former. The secondary structure in the X-ray crystal 
structure was used to define the residues of each helix. The secondary structures of the 
N- and C-termini of the crystal structure have not been determined due to poor electron 
density in these areas.
As well as comparing the helical structures of the protein, the loop regions joining 
such structures have also been compared. There are particular loops in pig citrate 
synthase that are significantly longer than those found in the crystal structure of the 
archaeal enzyme; for example, those between helices G and I and between helices 
J and K [Russell et al., 1994]. If these loops are compared to the same regions of 
the modelled Tp. acidophilum citrate synthase, it is clear that the modelled loops are 
of an intermediate size between those in the mesophilic and thermophilic crystal 
structures (Fig. 3.8).
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Fig. 3.8 Comparison of loop sizes in the structures of citrate synthase from pig (red), and 
Tp. acidophilum. For the latter protein, the model is coloured blue and the X-ray crystal 
structure is in yellow. Created using O [Jones et al., 1991],
Between the actual and modelled structures of Tp. acidophilum citrate synthase, the 
rms deviation values vary considerably for the main chain atoms of the regions of 
structure not listed in Table 3.4. For most residues, the values range from 0.6-4.0 A 
however, for the N- and C- termini, the region between Helices G and I (Helix H in 
the model) and the loop between Helices J and K, the rms deviations are 
excessively high at values up to 13.5 A.
A comparison of the overall conformation of the crystal structures of pig and 
Tp. acidophilum citrate synthases, and of the modelled structure of the latter 
protein, are shown below (Table 3.5). From these results it would appear that the 
accessible surface area of the model is intermediate between the crystal structures
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of the mesophilic and thermophilic enzymes, and that the volume of the model is in 
the region that would be expected for the closed conformation of Tp. acidophilum 
citrate synthase. The percentage of buried atoms in the modelled structure is 
noticeably less than those values in the three crystal structures. It is expected that 
the level of buried atoms would increase upon substrate binding, as happens to the 
degree of 3.8% in the pig enzyme, but from a comparison of the values in both 
structures of Tp. acidophilum citrate synthase, it appears that the percentage of 
atoms buried actually decreases in this protein. This decrease is likely to be related 
to the low level of buried atoms in the modelled structure which in turn is probably 















(a) closed 1.85 to (c) 32,066 9.99 52.0
(b) open 2.15 to (d) 33,417 9.96 50.1
Tp. acidophilum
(c) model 3.4 to (d) 
[large domain] 
4.6 to (d) 
[small domain]
32,080 8.78 39.4
(d) crystal 30,249 8.71 50.7
Table 3.5 A comparison of the overall conformation of citrate synthase structures.
The rms deviation was calculated over the Ca backbone, using the Structure Homology 
Program [Stuart, 1979] when involving pig citrate synthase, and the program ASH 
[Stuart et al., 1979] for the two archaeal citrate synthase structures. The range of 
residues used for the large domain of Tp. acidophilum citrate synthase encompassed 
7-224 and 328-370, whilst the residues used to represent the small domain were 
225-327. The accessible surface area and the percentage of atoms buried were 
calculated for the dimer of the three citrate synthase structures, with the program 
GRASP [Nichols et al., 1991]. The volume, also of the dimeric structures, was 
calculated using the program VOIDOO [Kleywegt & Jones, 1994]
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3.3 DISCUSSION
The 3D structure of Tp. acidophilum citrate synthase was homology modelled 
(section 3.2.5), primarily so that it could be used in comparative analyses with the 
crystal structure of the pig enzyme to identify features that may be important for 
conferring protein thermostability. At the point that this analysis began, the crystal 
structure of Tp. acidophilum citrate synthase was solved [Russell et al., 1994], and 
thus, was used from then on in place of the model. A second application of the 
model was to be for use in comparisons with the solved crystal structure of the 
same enzyme, in order to assess the validity of the homology modelling technique.
3.3.1 VALIDITY OF HOMOLOGY MODELLING
The sequence alignment and secondary structure comparisons that were carried out 
between the model and crystal structure of Tp. acidophilum citrate synthase (section 
3.2.6) show that on the whole the two structures appear well matched. As would be 
expected, there are areas of disagreement, and these tend to fall into three 
categories:
(i) Firstly, there are regions where the structure of the modelled citrate synthase 
favours that of the template protein (for example, with the absence of Helix H); this 
is due to inaccuracies at the sequence alignment (Fig. 3.6) and secondary structure 
prediction level (Fig. 3.3).
(ii) There are other areas of the protein (such as the loop regions (Fig. 3.8)), where 
the model has an intermediate structure between the two crystal structures of citrate 
synthase; this appears to be the result of inevitable biasing when using the pig 
citrate synthase structure as a template for the modelling procedure. Hence, when 
modelling another thermostable/archaeal citrate synthase it would be wiser to use 
the crystal structure of the Tp. acidophilum enzyme, instead of the mesophilic 
enzyme structure, as a template. Of course, sequence identity also must be taken 
into account when choosing which template structure to employ, so that the chosen
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structure is the one whose amino acid sequence shares the highest identity with 
that of the protein to be modelled. In the present case the generated model is quite 
accurate considering that the sequence identity between pig and Tp. acidophilum 
citrate synthase is only 21%.
(iii) The final category involves regions of the protein where the model favours 
neither crystal structure (such as the definition of the termini of helices and the 
value for percentage of buried atoms); these disagreements seem to be due to 
inaccuracies in the secondary structure prediction program, in the former example, 
and the manual modelling technique employed.
Caution must be exercised when choosing programs that aid the modelling of a 
protein structure. Compilation of a sequence alignment is the initial step in the 
modelling technique and it became apparent from the comparative analyses in 
section 3.2.6 that the sequence alignment and the interpretation of it are indeed 
crucial steps. Regions within an alignment that incorporate deletions or insertions 
are obviously the areas of the structure that are the most difficult to model, and it 
seems that it was these areas in the modelled structure that had the lowest 
suitability to their environments and also the highest rms deviation from the actual 
structure of the enzyme. Most noticeable of these areas was the region around 
Helix H, and the loop between Helices J and K. There are a variety of sequence 
alignment programs available and the one used in this work, Pileup from the GCG 
Sequence Analysis Software package [Devereux et al., 1984], involves progressive 
pairwise alignments using the Dayhoff table of amino acid similarities for reference. 
There are those programs that align sequences biased towards the known 
secondary structure of one, or more, of the proteins and penalise gaps inserted into 
secondary structure regions, for example, the AMPS program [Barton & Sternberg, 
1990]. This type of program is fine for aligning the sequence of proteins that have 
the same secondary structural pattern, but clearly the program falls down where one 
of the proteins aligned lacks at least one secondary structural element. For 
example, Helix H is present in pig citrate synthase but is absent in the enzyme from 
Tp. acidophilum, and thus in a true alignment of these sequences there is a gap at 
this point in the archaeal sequence (Fig 3.6(a)). Coincidentally, Helix H was not
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deleted in the sequence alignment that was used to create the model of citrate 
synthase (Fig. 3.2) although, during the modelling process the helix did disappear 
due to additional strain from the deletions following this region; however, it was re­
introduced manually ! If the alignment is taken to be optimal for such low sequence 
identity, it would appear that one method of increasing the similarity between the 
modelled and the actual structures would be to concentrate on increasing the 
suitability of the identified residues to their environment. As mentioned previously in 
section 3.2.5, these residues were not altered any further since this would have 
required a significant change in the conformation of the zone of residues around 
that point; however, in the case of Helix H, it seems that that is precisely what was 
needed.
The prediction of secondary structures is the second step in homology modelling a 
protein. The programs available to carry out such a task are unlikely to be 100% 
accurate, as illustrated by the comparison of the predicted structure with the true 
structure of pig citrate synthase (Fig. 3.3). Indeed, secondary structure prediction 
programs have only a 70% success rate at best, even with the most sophisticated 
algorithms. The point at which the prediction fell short was in the assignation of 
helix termini, although the regions that were predicted as a-helical were quite 
accurate. The program that was used in section 3.2.4, PREDICT from the GCG 
Sequence Analysis Software package [Devereux et al., 1984], has to be one of the 
most accurate since it determines a consensus prediction from the results of eight 
individual algorithms. Having said that, the results of secondary structure prediction 
programs should only be used as a template and the modeller should build the 
secondary structure of the protein taking into consideration the interactions between 
both contiguous and non-contiguous residues.
From the comparison of secondary structures between the modelled and actual 
structures of Tp. acidophilum citrate synthase, helices I, P and Q were identified as 
having high rms deviations (Fig. 3.8). The discrepancy with Helix I is due to the 
complications concerning the presence of Helix H; these in turn are the result of 
inaccuracies in both the sequence alignment, as discussed above, and also in the 
secondary structure predictions. The high rms deviation between Helices P and Q
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is an example of how the modelled structure favours that of the template as 
opposed to tending towards the true structure of the archaeal enzyme. Helices O, P 
and Q are part of the small domain in both the mesophilic and thermophilic crystal 
structures of citrate synthase. In the small domain, these helices have the highest 
rms deviation between the crystal structures because their orientation is shifted 
towards a more closed form in the protein from Tp. acidophilum compared to pig 
citrate synthase.
In summary, areas of a modelled protein, especially loop regions between helices, 
can appear to be a somewhat inaccurate account of the true protein structure. 
These areas tend to involve residues close to, or at, the positions that incorporate 
insertions and deletions in the sequence alignment and also have low suitability to 
their environment. If the sequence identity is low, as is the case here, the frequency 
of gaps is likely to increase. Taking the secondary structure predictions as only an 
outline, the troublesome residues should be altered so as to increase the suitability 
to their environment, making gross secondary structural changes if necessary, as 
illustrated with Helix H. In doing so, there is a higher probability that the resultant 
structure is more likely to resemble the true structure, where all the amino acids 
should be within a stable environment.
For other regions of the protein, most prominently around the active site and in 
helical structures, there is good agreement between the modelled and actual 
structures. This, of course, tends to increase as the sequence identity of the 
template protein and the modelled protein increases. Although the secondary 
structure and the overall conformation of the modelled protein can be analysed with 
some degree of confidence, it is still unwise to investigate interactions between 
residues of the molecule due to the 3.4 A error margin that has been determined for 
the homology-modelling technique [Bohm & Jaenicke, 1994], unless the sequence 
identity is very high. Nevertheless, in the absence of a required 3D structure, a 
modelled protein suffices adequately until the true structure is solved.
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3.3.2 POTENTIAL THERMOSTABILISING FEATURES
The amino acid sequences and the 3D structures of citrate synthases from the 
mesophilic organism pig, and the moderately thermophilic Archaeon 
Tp. acidophilum, were used in comparative analyses (section 3.2, and Russell 
[1994]). From these analyses, features have been identified that could play a role in 
conferring the thermostability upon the archaeal protein, and are discussed below. 
Various features have then been tested with site-directed mutagenesis in the 
following chapters.
3.3.2.1 PROTEIN FLEXIBILITY AND COMPACTNESS
Citrate synthase from Tp. acidophilum appears to be a more compact molecule than 
the same enzyme from pig citrate synthase. This can be attributed to the majority of 
the features that have been identified from the comparative analyses. A more 
tightly packed structure would account for the rigidity of thermostable proteins at 
mesophilic temperatures.
(i) Domain Orientation
When superimposing the crystal structures of pig and Tp. acidophilum citrate 
synthase upon each other, a subtle difference can be see in the orientation of the 
small domain of each protein with respect to their large domain. In the thermostable 
citrate synthase two of the five helices of the small domain superimpose closely on 
those of pig citrate synthase, but the remaining three helices are all shifted towards 
a more closed form of the enzyme. It has been reported that the closed form of pig 
citrate synthase is more stable to denaturants than the open form, due to the 
inaccessibility of the protein interior [Srere, 1963]. Working on the same theory, the 
open form of citrate synthase from Tp. acidophilum may be more stable to 
denaturants than the same form of the pig enzyme, due to the semi-closed nature 
of the small domain with respect to the large domain. This feature of domain
71
compactness has also been noted in the comparative analyses of phosphoglycerate 
kinase [Davies et al., 1993] and thermolysin [Pauptit et al., 1988].
(ii) Helical Deletions
The archaeal citrate synthase possesses fewer helices than the pig enzyme. The 
most significant of these deletions is the solvent exposed N-terminal helix, but also 
included is Helix H (of pig citrate synthase), a small buried secondary structure. 
Both of these deletions ensure that the archaeal protein is more compact. This 
feature has been investigated with site-directed mutagenesis (Chapter 6) to assess 
the role that the N-terminal arm plays upon the activity and stability of the protein 
molecule.
(iii) Loop Deletions
A number of the loops joining the secondary structures within the citrate synthase 
molecule are shorter in the archaeal enzyme than in the mesophilic protein. This 
feature has two consequences: making the thermophilic molecule more compact, 
and possibly increasing the stability of the structure due to the absence of flexible 
regions that are also accessible to denaturants. From molecular dynamics 
simulations on bovine pancreatic trypsin inhibitor, it has been shown that the loop 
regions are the most flexible areas of the protein, and at higher temperatures they 
are likely to be the first regions to unfold [Daggett & Levitt, 1993]. In contrast, the 
thermostability of the enzyme p-glycosidase from S. solfataricus appears to be the 
result of a lattice of intramolecular ionic interactions on the surface of the molecule, 
involving residues within surface loops [I. Sanderson, UKEN meeting, 1995]. Thus it 
would seem that the two archaeal enzymes, citrate synthase and p-glycosidase, 
may have achieved the thermostability by different mechanisms.
(iv) Subunit Interface Interactions
It has been proposed that pig citrate synthase undergoes a dimer to monomer 
transition before monomer unfolding [McEvily & Harrison, 1986], and therefore
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differences in the interactions at the subunit interface, between the enzymes from 
pig and Tp. acidophilum, may be important for stability of the latter structure. The 
subunit interface of the dimer of citrate synthase consists of eight helices, four from 
one subunit (F, G, M and L) that are opposite and anti-parallel to the same four of 
the other subunit (F \ G \ M' and L') (Fig. 3.7).
Fig 3.7 The a-carbon trace of the pig citrate synthase dimeric structure, highlighting the four 
helical pairs at the subunit interface [Remington et al., 1982]. The individual subunits are 
coloured red or yellow.
In the mesophilic enzyme the interactions between the two subunits involve both 
hydrogen bonding, between helix pair GG', and hydrophobic bonding, between helix 
pairs FF', LL' and MM'. Helix G possesses two polar residues, Ser 139 and Thr 146, 
that are involved in the hydrogen bonding. In Tp. acidophilum citrate synthase all
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four helices are involved in hydrophobic interactions and the two polar residues 
have been exchanged for two Ala amino acids, Ala 97 and Ala 104 (Fig. 3.8).
Fig. 3.8 Helical wheels of helix G in citrate synthase from (a) pig and (b) Tp. acidophilum. The 
inter-subunit side of the helix is the lower portion, the hydrophobic residues are boxed, 
and the residues of interest are identified with their respective residue numbers.
The two exchanges of SerTThr to Ala, and the fact that they occur in an a-helix at 
the subunit interface, are in agreement with the protein-stabilising traffic rules 
suggested by Argos [Menendez-Arias & Argos, 1989]; this is related to the fact that 
Ala is the amino acid with the highest helical propensity [O'Neil & Degrado, 1990; 
Horovitz et al., 1992]. It has also been suggested that the number of salt bridges at 
the subunit interface of citrate synthase is equivalent in the mesophilic and
(a)
(b)
[a]  0  [m ]
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thermostable enzymes [Russell et al., in press], possibly indicating that as the 
stability of the protein rises, hydrophobic interactions at the interface play an 
increasingly important role in maintaining the integrity of the dimer.
This example of increased hydrophobicity at the interface has been demonstrated in 
lactate dehydrogenase [Kotik & Zuber, 1993]: following comparisons of the
enzymes from B. megaterium and B. stearothermophilus, a Ser and Thr residue 
were mutated to Ala amino acids in the mesophilic protein and the result was a 20°C 
rise in the thermostability of the enzyme. A similar investigation was conducted with 
pig citrate synthase mutating the two polar residues to Ala (Chapter 4).
(v) Cavities
Citrate synthase from Tp. acidophilum has a 30-40% smaller volume occupied by 
cavities compared to the pig enzyme structure, leading to a more compact enzyme 
(Fig 3.9). The volume of a cavity is defined and thus calculated as the volume 
which can accommodate a water molecule of 1.4A radius.
This property has been studied quite extensively by site-directed mutagenesis. 
Cavity-creating mutants consistently decrease the stability of the protein under 
investigation [Eriksson et al., 1992], whilst cavity-filling mutants have resulted in 
both increases and decreases in the stability [Ishikawa et al., 1993(b)]. This feature 
also has been investigated by site-directed mutagenesis, in Chapter 5.
3.3.2.2 HELIX STABILISATION
From comparisons of the secondary structures of pig and Tp. acidophilum citrate 
synthase, helix stabilising properties in the archaeal protein have emerged. These 
include the presence of helix capping residues at the termini of the helices and also 
residues of high helical propensity. From the suggested secondary structure, it 
would appear that the archaeal enzyme has more capping residues and helix- 




Fig. 3.9 One of the internal cavities (dark blue hashed area) of pig citrate synthase (blue a-carbon 
trace) is flanked by residue Ser 412 (blue, space-filled). In Tp. acidophilum citrate 
synthase (yellow a-carbon trace), the Ser is exchanged with residue Tyr 356 (yellow, 
space-filled), filling the cavity.
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serve to stabilise the secondary structure through additional hydrogen bonding 
within the helix and counteraction of the helical dipole [Serrano et al., 1992(c); 
Harper & Rose, 1993].
Helix G, at the subunit interface of the dimer of citrate synthase, may be another 
region that plays a significant role in conferring thermostability upon the protein. 
Half of Helix G in Tp. acidophilum citrate synthase contains Ala residues, as 
opposed to only 20% of the same helix in the pig enzyme. This feature may serve 
to stabilise helix G since Ala residues are the amino acid with the highest helical 
propensity [O'Neil & Degrado, 1990; Horovitz et al., 1992].
3.3.2.3 AMINO ACID EXCHANGES
The multiple alignment of citrate synthase sequences (Fig. 3.1) highlighted four 
residues that are conserved in all the sequences except that from Tp. acidophilum 
(Table 3.2). The 3D positions of these residues have been determined. Two of the 
amino acids, Val 96 and Met 106, are opposite and antiparallel to the same residues 
in the other subunit at the subunit interface; although, due to their relative positions, 
they do not appear to interact with each other and thus they may be involved in 
alternative stabilising interactions. A third residue, Ser 132, is in the middle of helix I 
which is kinked in pig citrate synthase due to Pro 183, a conserved amino acid. 
Even though the kink is maintained in Helix I of the thermophilic structure, the 
absence of Pro may be significant, since Pro is the amino acid with the lowest 
helical propensity [O'Neil & Degrado, 1990; Horovitz et al., 1992], and thus may aid 
destabilisation of the secondary structure in pig citrate synthase. This exchange of 
a Ser with a Pro in the thermophilic and mesophilic structures, respectively, has also 
been reported within a bent helix of phosphoglycerate kinase [Davies etal., 1993].
The matrix of amino acid exchanges (Table 3.3) illustrates a number of features in 
Tp. acidophilum citrate synthase that could play a role in conferring thermostability. 
For example, there is a higher proportion of Ala residues that may help to stabilise 
the secondary structure of the protein (see section 1.3). This point is significant
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when compared to pig citrate synthase where there are 25% fewer Ala amino acids. 
The fact that amino acid types Ser and Asn in the pig enzyme exchange with the 
Ala residues of the archaeal enzyme at a high frequency is in agreement with the 
protein stabilising traffic rules. Other features highlighted include the larger 
aromatic content of the archaeal protein, in the form of Phe, and also the increase 
in branched aliphatic residues, namely lie. Both of these amino acid types are 
capable of raising the internal hydrophobic packing through additional interactions 
(discussed in section 3.3.2.4).
In the archaeal citrate synthase there is a significant increase in the number of Lys 
amino acids accompanied by a decrease in Arg residues. This feature is not in 
agreement with the earlier observations of Menendez-Arias & Argos [1989], who 
suggest, from comparative analyses of a range of thermostable and mesophilic 
proteins, that thermostability can be improved with a higher Arg/(Arg + Lys) ratio. 
Thus the feature reflects how the mechanisms for achieving stability are specific to 
individual proteins and a method that increases thermostability in one protein may 
not necessarily have a stabilising effect upon a different protein.
Other patterns gathered from the matrix include the decrease in Leu, the most 
prominent amino acid type in pig citrate synthase, together with a decrease in Asp, 
Gin and Asn, and the absence of all the Cys residues. The latter features are in 
agreement with the protein-stabilising traffic rules and appear significant since these 
residue types are irreversibly modified at elevated temperatures or can cause the 
cleavage of the polypeptide chain [Geiger & Clarke, 1987; Zale & Klibanov, 1986; 
Amaki etal., 1994].
3.3.2.4 ADDITIONAL INTERACTIONS
There is a marked increase in the number of aromatic interactions within the small 
domain of the archaeal citrate synthase when compared with the mesophilic 
enzyme; this has been highlighted in thermostable proteins previously [Burley & 
Petsko, 1985; Ishikawa et al., 1993(a)].
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Extra salt bridges have been correlated with an increase in the stability of proteins 
[Ishikawa et al., 1993(a); Kelly et al., 1993]. The contribution by ion pairs to the 
thermostability of Tp. acidophilum citrate synthase is not clear; The number of salt 
bridges in the archaeal enzyme both increases and decreases when using a 6 A and 
a 4A cut-off distance between the charged groups, respectively [Russell et al., in 
press].
3.3.2.5 HYPERTHERMOSTABILITY IN P. FURIOSUS CITRATE SYNTHASE
The crystal structure to 3.5A of citrate synthase from the hyperthermophilic 
Archaeon P. furiosus has just been determined [Russell et al., in press]. The 
structural comparisons between citrate synthases from pig and the moderate 
thermophile Tp. acidophilum, described above, can now be extended to include 
features that may confer hyperthermostability upon P. furiosus citrate synthase. 
Overall, the trends identified from mesophile to thermophile have been extended 
even further in the hyperthermophile. The P. furiosus enzyme appears to be the 
most compact structure of the three citrate synthases, with further truncation of its 
loop regions, elimination of all potential water-bearing cavities and an increase in 
the number at solvent-inaccessible atoms. In addition, the trends concerning the 
amino acid contents of the enzymes are extended, with a further reduction in the 
thermolabile residues Asn, Gin and Asp, and decrease in the Arg/Arg+Lys ratio. 
However, the increase and decrease in Ala and Leu residues respectively, is unique 
to Tp. acidophilum citrate synthase. The P. furiosus enzyme also resembles that 
from Tp. acidophilum with the absence of the N-terminal 36 residues and helix H.
Maintenance of dimeric integrity in the hyperthermostable citrate synthase appears 
to be have been achieved through two mechanisms: The degree of
complementarity between the monomers at the interface increases with the growth 
temperature of the host organism. In addition there appear to be extra salt bridges 
at the subunit interface, particularly in the two central helical pairs, GG' and MM1. 
This shift to hydrophilicity in helix G of P. furiosus citrate synthase contradicts the 
significant hydrophobic content of the same helix in the moderately thermostable
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protein. This feature may reflect the relative contributions of enthalpy and entropy 
to protein folding at different temperatures [Dill, 1990] and thus implies that the 
moderate thermophile and hyperthermophile have employed different mechanisms 
to achieve dimeric integrity.
Conducting comparative analyses of proteins from mesophiles and thermophilic 
Archaea with a view to characterising protein thermostability in these latter 
organisms is still in its infancy. Comparisons of proteins from both mesophilic and 
thermophilic Archaea have not even been reported as yet. It is highly likely that 
some of the features responsible for thermostability in archaeal proteins will agree 
with the general protein-stabilising traffic rules suggested (such as the increased Ala 
content of a-helices), others will be in disagreement (for example, the Arg/Arg+Lys 




INVESTIGATION OF INTERACTIONS AT THE 
SUBUNIT INTERFACE
4.1 INTRODUCTION
Citrate synthases from Eucaryotes, Gram positive Bacteria and the Archaea are all 
dimeric molecules, consisting of two identical subunits, both of which are essential 
for catalytic activity. It is thought that upon thermal denaturation of the dimeric pig 
enzyme, the monomers dissociate prior to their unfolding [McEvily & Harrison, 
1986], and thus interactions at the subunit interface may be crucial for the integrity 
of dimeric citrate synthases from thermophilic organisms. As described in section 
3.3.2, features have been identified that could play a role in stabilising citrate 
synthase from Tp. acidophilum. One such feature involves the nature and 
interactions of helices at the subunit interface of the protein. There is an increase in 
the Ala content of helix G in the archaeal enzyme, when compared with the 
equivalent helix in the pig enzyme. This secondary structure is part of one of four 
helical pairs at the subunit interface and thus the hydrophobic nature of the 
interactions at the interface has also been increased.
Mutational analysis and amino acid comparisons have shown that Ala is the residue 
with the highest helical propensity [O'Neil & Degrado, 1990; Horovitz et al., 1992], 
and that its presence in a-helices, particularly at the subunit interface, is 
pronounced in thermostable proteins [Menendez-Arias & Argos, 1989]. Moreover, 
the presence of Ala residues can increase the thermostability of mesophilic proteins 
[Kotik & Zuber, 1993], and the most prolific exchange of residues in a-helices from 
mesophilic to thermophilic protein structures is from serine to alanine [Menendez- 
Arias & Argos, 1989]. All of the above features are connected with the increase in 
stability of the a-helix structure, due to the restriction in the conformational freedom
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of alanine residues in the unfolded state and thus a smaller loss in entropy upon 
helix formation [O'Neil & Degrado, 1990]. In addition, studies mutating residues at 
the subunit interface of oligomeric proteins have shown that hydrophobic 
interactions at the interface are important for the stability of the thermophilic protein 
[Kotik & Zuber, 1993; Kirino et al., 1994].
The effect of an increase in the alanine content of helix G, and thus an increase in 
the hydrophobicity at the subunit interface, of pig citrate synthase, is investigated in 
the present chapter by site-directed mutagenesis.
4.2 RESULTS
4.2.1 AMPLIFYING THE TEMPLATE PIG CITRATE SYNTHASE GENE
A pig citrate synthase gene was required as a template for use in the site-directed 
mutagenesis experiments. The clone pCS4, kindly donated by C. Evans (University 
of Texas, USA), contained the gene for pig citrate synthase preceded by a 
mitochondrial signal peptide [Evans et al., 1988]. The signal peptide was removed 
by amplifying the remaining required portion of the gene using the polymerase chain 
reaction (PCR). The oligonucleotide primers were synthesised in-house (2.2.12) 
and are shown in Fig. 4.1. The restriction endonuclease sites EcoRI and Hind\\\ 
were engineered into the 5' and 3' ends of the gene, respectively, and a translation 
initiation codon was engineered immediately following the EcoRI site and prior to the 
codon for residue Ala 1 of pig citrate synthase. An additional restriction 




5’ (65) TT GCT GCC CGG AAT 7CCATGGCT TCT TCC (96) 3'
EcoRI start A1 S2 S3
Reverse PCR primer:
5’ (1426) T TCT TCC CAG TCT GAA GCT TCA CCC TCA CTT (1396) 3'
Hind\\\ stop stop
Fig. 4.1 The forward and reverse oligonucleotide primers used in the PCR to remove the 
mitochondrial signal sequence from the pig citrate synthase gene. The primers read 5' to 
3'. The base numbers are shown in brackets, the mutated residues are shown in bold 
and the endonuclease restriction sites are shown in italics (EcoRI and HindiII) or 
underlined (A/col). The translation initiation codon (ATG) and termination codons (TCA), 
as well as the residues encoded, are also indicated.
The PCR was carried out as follows: 1,10 and 100 ng template DNA (clone pCS4) 
were separately mixed with 1 pM of each primer, 50 pM of each dinucleotide 
triphosphate, 0.01% (w/v) BSA and PCR buffer (10 mM Tris.HCI, pH 8.3, 50 mM 
KCI, 1.5 mM MgCI2). Control reactions were also carried out, omitting in turn the 
primer (10 ng template was used in the reaction) and the template DNA. The 
samples were incubated at 94°C for 5 min and then 1 U Taq DNA polymerase was 
added after which 25 cycles of PCR were carried out involving melting at 94°C for 
90 s, annealing at 55°C for 105 s and extension at 72°C for 75 s. The success of 
the PCR was assessed on a 1 % (w/v) agarose gel (section 2.2.5) (Fig. 4.2), and 
then the amplified DNA was purified from a 1 % (w/v) LMP agarose gel (section 
2.2.6). The gene was ligated into the vector M13mp19 at the EcoRI and Hind\\\ 
restriction endonuclease sites and used to transfect E. co// strain DH5a, from which 
single stranded DNA was produced (protocols are described in sections 2.2.1 to 
2.2.11). The entire pig citrate synthase gene was sequenced manually (section 
2.2.13) to check for any random mutations and to make sure that the codon after 
the translation initiation signal coded for the first residue of the active enzyme. A 
single unintended mutation was found at base number 667, where there was a
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G nucleotide in place of an A nucleotide; fortunately, the base change did not affect 
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Fig. 4.2 PCR to remove the mitochondrial signal sequence from pig citrate synthase.
Lane 1: H/ndlll DNA size markers
Lanes 2-4: PCR products, using 1,10, and 100 ng template DNA , respectively
Lanes 5-7: Control reactions omitting the forward primer, the reverse primer, and template
DNA, respectively
4.2.2 MODELLING TH E SUBUNIT INTERFACE M UTANTS OF PIG 
CITRATE SYNTHASE.
In pig citrate synthase, residues Ser 139 and Thr 146 are on the subunit interface 
side of helix G; their structurally equivalent residues in the enzyme from 
Tp. acidophilum are two Ala amino acids at positions 97 and 104, respectively. 
A double mutant of pig citrate synthase (S139A/T146A) was homology modelled 
(section 2.1), substituting the residues Ser 139 and Thr 146 with Ala residues. The 
open form of pig citrate synthase (1CTS.PDB) was used as the template. 
A superimposition of the a-carbon chains of the mutant structure on that of the wild- 
type structure showed that there was no change in the 3D positions of all the
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Ca atoms. Ramachandran plots were identical between the two enzyme structures, 
indicating that the substitution of Ala amino acids for Ser 139 and Thr 146 had not 
introduced conformational strain in any of the residues throughout the molecule. 
There is a total of six hydrogen bonds that involve residues Ser 139 and Thr 146 
per monomer of pig citrate synthase. Four of these bonds are formed between the 
backbone atoms of the two residues to other residues within the monomer, and 
these bonds are maintained in the mutant structure. The remaining two hydrogen 
bonds are formed between the side chains of Ser 139 and Thr 146 to amino acids in 
the other subunit in the dimeric enzyme; these bonds are obviously absent in the 
interface mutant of pig citrate synthase.
4.2.3 SITE-DIRECTED MUTAGENESIS TO CREATE SUBUNIT 
INTERFACE MUTANTS
The two subunit interface mutants of pig citrate synthase, T146A and 
S139A/T146A, were created by site-directed mutagenesis using the pALTER™ 
system (section 2.2.14). The mutagenic oligonucleotide used (Fig. 4.3) contained 
the mutations for both substitutions, and so only this one oligonucleotide was 
required to mutate both the Ser and Thr into Ala amino acids. Mutants were 
screened by manual sequencing (section 2.2.13) (results are shown in Fig. 1 of 
Appendix). The single mutant was created rather fortuitously, since upon screening 
for double mutants a clone was identified that contained the Thr 149 to Ala, but not 
the Ser 139 to Ala, mutation. This single mutant must have arisen as the result of 
inefficient binding of the mutagenic oligonucleotide to the wild-type template gene.
5' (489) T CTA CAC CCC ATG GCT CAG CTC AGT GCA GCC ATT GCA GCC CTC AAC AG (536) 3'
L134 H135 P136 M137 A139 Q140 L141 S142 A143 A144 1145 A146 A147 L148 N149
Fig. 4.3 Mutagenic oligonucleotide used to substitute Ala for Ser 139 and Thr 146, in the site-
directed mutagenesis of pig citrate synthase. The base numbers are shown in brackets,
the mutated bases are shown in bold and the residues coded for are shown below their 
respective codons.
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4.2.4 EXPRESSION AND PURIFICATION OF THE SUBUNIT INTERFACE 
MUTANTS.
The wild-type and the two mutant pig citrate synthase genes were ligated into the 
expression vector, pKK223-3 at the EcoRI and Hind\\\ restriction endonuclease sites 
(protocols are described in sections 2.2.2 to 2.2.8). Vector pKK223-3 carries the tac 
promoter for transcription, and ribosome binding site and termination signals for 
translation. The multiple cloning site possesses a unique EcoRI endonuclease 
restriction site that, if followed immediately by the translational initiation codon of a 
gene, will result in maximum efficiency of translation. The vector also codes for the 
p-lactamase gene endowing the host bacterium with ampicillin resistance. The 
recombinant vector was then used to transform the citrate synthase-deficient E. coli 
strain MOB154 (section 2.2.9).
Prior to purification of the recombinant pig citrate synthases, a cell extract (section 
2.3.1) of the citrate synthase-deficient E. coli strain MOB154 was loaded on to and 
eluted off the Matrex™ gel Red A affinity column following the purification protocol 
described in section 2.3.5. The eluted fractions were assayed for an active citrate 
synthase (section 2.3.4) and also electrophoresed on 10% SDS-PAGE gels (section
2.3.3). The results indicated that no E. coli citrate synthase eluted from the column 
under the conditions that would be employed for elution of pig citrate synthase.
One ml volumes of overnight cultures of the three transformed E. coli clones (wild- 
type and mutants) were used to inoculate 2 I volumes of LB medium supplemented 
with ampicillin (100 mg/ml) (section 2.2.1). The cultures were incubated overnight at 
37°C and then a cell extract was prepared from each (section 2.3.1). The citrate 
synthase was purified from each cell extract using the Matrex™ gel Red A affinity 
column, as described in section 2.3.5. The purification works on the principle that 
the Procion Red HE-3B dye, bound to the agarose beads in the Matrex™ gel Red A, 
has a high affinity for NADP-linked proteins, and since coenzyme A shares 
structural similarities with NADP, then the beads will also bind coenzyme A-linked 
proteins such as citrate synthase. The enzyme is then eluted using the ligands, 
coenzyme A and oxaloacetate.
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The purity of the proteins was assessed by electrophoresis on 10% SDS-PAGE 
gels, together with the cell extracts and the flow through and wash solutions from 
the affinity columns (section 2.3.3) (Fig. 4.4). The cell extracts and the pooled 
fractions off the columns were assayed for citrate synthase activity at 25°C (section
2.3.4), and the amount of protein in each was calculated (section 2.3.2). The data 
are summarised in Table 4.1. The recombinant citrate synthases constituted 31%, 







Fig. 4.4 Purification of citrate synthase
The results of the SDS-PAGE analysis of the purification of the wild-type and mutant pig 
citrate synthases were identical, and thus only the gel of the single mutant purification 
samples is shown.
Lane 1: Cell extract of E. coli MOB154 strain carrying the pKK223-3 vector-encoded mutant 
T146A gene (20 pg)
Lane 2: Flow through from the Matrex™ gel Red A  affinity column whilst loading the cell 
extract
Lane 3: W ash from the above column
Lane 4: Fraction containing the highest citrate synthase activity upon elution from the 
affinity column (1 pg)
Lane 5: Pooled sample of purified mutant citrate synthase (1.5 pg)















Wild-type Cell extract 8,107 246 33 1 0 0
Purified 7,854 74 106 97
T146A Cell extract 5,525 266 2 1 1 0 0
Purified 5,105 84 61 92
S139A/T146A Cell extract 4,886 500 1 0 1 0 0
Purified 4,486 84 53 92
Table 4.1 Purification of wild-type and mutants T146A and S139A/T146A of pig citrate synthase 
on the affinity Matrex™ gel Red A column.
The coenzyme A and oxaloacetate were removed from the solutions of purified 
proteins using a G-25 Superose gel filtration column, as described in section 2.3.5. 
These protein solutions were used for further characterisation studies.
4.2.5 KINETIC CHARACTERISATION OF THE SUBUNIT INTERFACE 
MUTANTS
The kinetic parameters (true Km and Vmax values) were calculated for the wild-type 
pig citrate synthase and the two mutants of the enzyme, T146 and S139A/T146A. 
This was achieved by measuring the citrate synthase activity, at 37°C (section
2.3.4), in conditions that employed a range of concentrations of both substrates, 
acetyl coenzyme A and oxaloacetate, from approximately 0.15 Km to 13 Km. The 
protein concentration used in each assay was 37 ng/ml for wild-type pig citrate 
synthase, 28.5 ng/ml for mutant T146A, and 193 ng/ml for mutant S139A/T146A, 
and each assay was carried out in triplicate.
The dependency of enzymic rate on oxaloacetate concentration at various fixed 
concentrations of acetyl coenzyme A was determined. The experiment was 
repeated analysing the dependency on acetyl coenzyme A concentration at various
app app
fixed concentrations of oxaloacetate. The values of Vmax and Km at the fixed
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concentrations of acetyl coenzyme A and oxaloacetate were calculated, 
respectively, from direct linear plots. From secondary direct linear plots (Fig 4.5), 
the true values of Km and Vmax were determined (Table 4.2).
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Fig. 4 .5 Hanes W oolf plot of (S/v) versus (S) where S is the substrate concentration (pM) and v is 
the apparent Vm ax (pmol/min/mg protein) for (a) acetyl coenzyme A, and 
(b) oxaloacetate, for the wild-type pig citrate synthase enzyme and the interface mutant 
S139A/T146A. The plots for mutant T146A  are almost identical to that of the wild-type 
enzyme and so have not been shown. The true Km and Vm ax parameters have been 
calculated from direct linear plots, but the Hanes-W olf plot is shown for level of clarity.
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Table 4.2 True Km and Vmax values for substrates oxaloacetate (OAA) and acetyl coenzyme A 
(AcCoA), for the wild-type pig citrate synthase and the two mutants, T146A and 
S139A/T146A, of the enzyme. The values were calculated from direct linear plots and 
the 6 8 % confidence limit values are also shown.
As can be seen from Table 4.2, the true Km values for both substrates are very 
similar in all three enzymes, ranging from 4.8-7.5 pM. The Vmax values in the 
double mutant (140 U/mg) are less than half that of those in the wild-type citrate 
synthase and the single mutant (approximately 370 U/mg).
4.2.6 CHARACTERISATION OF THE THERMAL INACTIVATION OF THE 
INTERFACE MUTANTS
The thermal inactivation of a protein can be characterised using the Arrhenius 
equation shown below:
dln(k) Ea Eqtn. (1)
dT RT 2
Where,
k is the first order rate constant for inactivation, 
T is temperature in Kelvin,
Ea is the activation energy,
R is the gas constant (8.314 J/mol/K).
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The activation energy can be assumed to be independent of temperature and so 
integration of the Arrhenius equation gives:
k  =  A  e'E,/RT Eqtn (2)
For a thermal inactivation reaction, the value of Ea is the energy of activation of the 
inactivation process, and can be determined from a plot of ln(k) against 1/T, known 
as the Arrhenius plot, the gradient of which is -EJR  (Eqtn 3).
ln(k) = ln(A) -  ^  Eqtn (3)
The thermal inactivation of the interface mutants of pig citrate synthase was 
characterised and compared with that of wild-type citrate synthase. The proteins 
were incubated at a concentration of 10 pg/ml (0.102 pM), in 2TE8 buffer, at a 
range of temperatures from 31 °C to 43°C. At noted time intervals, 50 pi volumes of 
the samples were placed on ice for 30 s from which a 20 pi aliquot was assayed for 
enzyme activity at 37°C in a 1 ml assay volume (section 2.3.4). Plots of ln(% activity 
remaining) against time were drawn (Fig. 4.6). The half-life, at 37°C, for mutant 
T146A was 29 min and for mutant S139A/T146A it was reduced to 18 min. When 
wild-type citrate synthase was incubated at 37°C there was 55% activity remaining 
after 60 min. The rate constants for inactivation at each temperature were 
calculated and used to draw Arrhenius plots (Fig. 4.7); however, as can be seen 
from Fig. 4.6(a), it was difficult to determine values for the rate constants for wild- 
type citrate synthase since the inactivation was not a standard single first-order 
process. The non-linearity of the inactivation data for the wild-type enzyme is
investigated in section 4.2.7. For the mutant proteins, the values for the energy of
activation of the inactivation process (Ea) were calculated to be 200 kJ/mol for 
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Thermal inactivation of citrate synthases at a range of temperatures as a function 
of time. The gradient of each line equates to the rate constant for inactivation (k).
(a) W ild-type pig citrate synthase
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Fig. 4.6(c) Thermal inactivation of citrate synthases at a range of temperatures as a function 
of time. The gradient of each line equates to the rate constant for inactivation (k). 
Double mutant, S139A/T146A, of citrate synthase.
4.2.7 INVESTIGATING  THE EFFECT OF PROTEIN CO NC EN TRA TIO N  
UPON TH ERM AL DENATURATION OF CITRATE SYNTHASE
Research on the subunit equilibrium of pig citrate synthase [McEvily & Harrison, 
1986] has suggested that the denaturation of the enzyme is dependent on protein 
concentration. Thus at concentrations in excess of 5 pM, there was no loss of 
citrate synthase activity after 6 h at 35°C; however, as the concentration was 
lowered the rate of inactivation increased, and at 6 nM there was almost complete 
loss of activity after 3 h. The intermediate concentrations exhibited a biphasic loss 
of activity, and a mathematical model was proposed in which the increase in the 
concentration of denatured monomer was dependent on two consecutive first-order 
processes: the dissociation of dimers (rate constant k_i), and the denaturation of 
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Fig. 4.7 Arrhenius plots:
(a) the single mutant, T146A, and the double mutant, S139A/T146A, of citrate synthase.
(b) a range of citrate synthases, emphasising the relative stabilities of the enzymes from  
the Archaea (Muir et al., 1995).
The activation energy of the inactivation process (Ea) can be calculated from the gradient of 
the plot.
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The thermal denaturation of pig citrate synthase in the previous section was carried 
out at a protein concentration of 100 nM. The plots of the denaturation appeared to 
be of a single first-order process for the two interface mutants of the enzyme (Fig. 
4.6(b) and (c)); however, the thermal denaturation of wild-type pig citrate synthase 
was of a non-linear nature (Fig. 4.6(a)). The non-linearity of the latter plots may be 
the same as the biphasic loss of activity seen with pig citrate synthase by McEvily & 
Harrison [1986] since the loss of activity at the protein concentration employed in 
the thermal denaturation studies in section 4.2.6 also showed biphasic loss in the 
reported work, although the reaction conditions used were slightly different. The 
dependency of denaturation upon protein concentration was investigated in both 
wild-type pig citrate synthase, and in the interface mutants, in order to highlight the 
obvious differences in thermal denaturation between the three proteins.
The citrate synthases were incubated in 2TE8 at 35°C and, at noted time intervals, 
aliquots of the samples were assayed for activity at 35°C (section 2.3.4). The range 
of concentrations used for wild-type citrate synthase was 5 nM-1 pM, for the single 
mutant T146A, 2.5 nM-5 pM, and for the double mutant S139A/T146A, 25 nM-2 pM. 
The inactivation plots for all three proteins are shown in Fig. 4.8. The data are also 
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Fig. 4.8 The effects of protein concentration upon inactivation of citrate synthases at 35°C.















1 (100% ) 5 420 2 158
0.5 1243 3 120 0.5 40
0.1 201 1.5 111 0.1 33
0.025 38 0.1 53 0.025 32
0.005 25 0.0025 34
Table 4.3 Half-life of pig citrate synthases, at 35°C, at varying protein concentrations. If necessary 
the plots were extrapolated in order to calculate the half-lives. For 1 pM wild-type protein 
concentration, the activity remaining after 4 h was 100%, and thus the half-life was  
incalculable.
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Fig. 4 .9 Half-life of pig citrate synthases, at 35°C, at varying protein concentrations
4.2.8 DETERMINING THE MELTING TEM PERATURE OF THE  
INTERFACE MUTANTS
The melting temperature (Tm) of a protein is the point at which the structure unfolds 
in solution and is an indication of the thermal stability of that protein. Differential 
scanning calorimetry (DSC) is a technique that can be used to determine the Tm of a 
protein in solution. The diagram below (Fig. 4.10) illustrates the DSC results 
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Fig. 4.10 Differential scanning calorimetry results obtained with a theoretical protein. The melting 
temperature (Tm) and the change in the partial heat capacity (ACP) are indicated. The 
shaded area relates to the enthalpy change upon unfolding (AH)
The sample is heated to a defined temperature and the amount of energy required 
to reach this point, termed as the heat capacity (Cp), is noted. The temperature is 
then raised and the Cp noted at each increment. The contribution of the protein to 
the Cp, known as the partial Cp, is determined by subtracting the corresponding 
measurements of the aqueous solvent. The partial Cp is a combination of that of 
the protein and also any effects that the protein has on the surrounding solvent.
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Initially, the increase in temperature has only a slight effect upon the partial Cp of 
the folded protein. Unfolding of the protein is then apparent as a peak in the heat 
capacity curve, indicating a large absorption of energy. The area underneath the 
transition peak gives the enthalpy change (AH) upon unfolding. Above the Tm, the 
partial Cp becomes more constant again, but the unfolded state retains a greater 
heat capacity than the folded state. The difference between the two values has 
been shown to be approximately proportional to the buried non-polar surface area 
that is assumed to be exposed upon unfolding [Privalov & Makhatadze, 1990]; this 
is expected since the value of the partial Cp of a protein is dominated by the level of 
non-polar surface area exposed to water [Makhatadze & Privalov, 1990].
Differential scanning calorimetric studies (carried out by Dr A. Cooper, University of 
Glasgow) were used to determine the Tm of the wild-type citrate synthase and the 
two mutants, T146A and S139A/T146A, of the enzyme. The protein solutions, all in 
2TE8 buffer, were analysed at constant pressure and concentrations of 2.64 mg/ml 
for the wild-type enzyme, 2.9 mg/ml for mutant T146A, and 2.75 mg/ml for mutant 
S139A/T146A (measured spectrophotometrically at 280 nm using the absorption 
coefficient, s° 1%1cm=1.78). The temperature was raised at a rate of 60°C/h. The 
results of the DSC are shown in Fig. 4.11. For the wild-type citrate synthase, the Tm 
was found to be 50°C, whereas in the two mutants this value was slightly lower at 
47.5°C. In addition, there seemed to be a second transition at 57°C for the wild- 
type enzyme and the double mutant, S139A/T146A. In each case, the partial Cp of 
the unfolded protein appeared to be the same as the value for the folded protein.
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Fig. 4.11 Differential scanning calorimetry data measuring the heat capacity (Cp) of wild-type pig 
citrate synthase and the two interface mutants of the protein.
4.2.9 STRUC TUR AL ASSESSM ENT OF THE INTERFACE M UTANTS
Circular dichroism spectroscopy (CD) can be used to assess the tertiary and 
secondary structure of a protein. This form of spectroscopy involves the passage of 
right- and left-handed circularly polarised light through a solution of optically active 
asymmetric molecules. The two forms of the light will be absorbed to unequal 
degrees and it is this differentiation in absorption coefficients that is measured. 
Proteins are optically-active due to the presence of L-amino acids and also to 
asymmetry of the overall folded conformation. There are two spectral regions for a 
protein. The far-UV, or amide region (170-250 nm), detects the contribution from 
peptide bonds. Here, the secondary structural aspects of a protein are defined, 
a-helices in particular have a strong and characteristic CD spectrum, whereas other
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secondary structural elements are less well defined. The second region is the near- 
UV (250-300 nm) where the contribution from aromatic amino acids is detected. 
The spectrum in this latter region is very complex since the signal from each 
aromatic residue depends on the immediate structural and electronic environment 
around that residue, thus the transition of an individual residue cannot be defined. 
Instead, the near-UV region is very sensitive to the overall native state of the 
protein, highlighting changes to the native state as a function of the environment of 
the aromatic residues within the structure.
In order to determine whether the substitution of Ser 139 and Thr 146 residues for 
Ala amino acids had affected the tertiary and/or the secondary structure of pig 
citrate synthase it was necessary to carry out structural analyses on the mutant 
proteins and compare the data with the wild-type structure. Circular dichroism 
studies (carried out by N.C. Price, University of Stirling) were performed using a 
JASCO J-600 spectropolarimeter. The far-UV and near-UV CD spectra were 
recorded at 20°C for the wild type pig citrate synthase and the two interface mutants 
of the enzyme (Figs. 4.12 and 4.13, respectively). The working concentrations of 
the protein samples, all in 2TE8 buffer, were 0.151 mg/ml for the wild-type enzyme, 
0.145 mg/ml for mutant T146A, and 0.152 mg/ml for mutant S139A/T146A.
The secondary structure content of the three proteins was estimated from the far- 
UV spectra, using data between 195-240 nm, with the CONTIN program 
[Provencher & Glockner, 1991] (Table 4.4). This program makes use of a reference 
set of structurally-characterised proteins for the predictions. From the far-UV 
spectra (Fig. 4.12, 225 nm wavelength) and the data in Table 4.4, it would appear 
that the two citrate synthase mutants may have a lower helical content than the 
wild-type protein. As far as the near-UV spectra are concerned, the peak at 
295 nm, corresponding to the environment of Trp residues, is slightly shifted for the 
two mutant structures compared with that for wild-type citrate synthase; this 
indicates that there are subtle differences in the tertiary structure of the mutants 



















Fig. 4.12 Far-UV spectra recorded for wild-type pig citrate synthase (A), mutant T146A  (B), and 









Fig. 4 .13 Near-UV spectra recorded for wild-type pig citrate synthase, (A), mutant T146A (B), and 
mutant S139A/T146A (C). The peak at 295 nm relates to the environment of Trp 
residues.
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PROTEIN % a-HELIX % (3-SHEET % OTHER
Wild-type 55+1 2 0  + 2 25 + 3
T146A 42 + 2 26 + 3 32 + 4
S139A/T145A 41 + 2 18 + 3 4 1 + 4
Actual wild-type 72 3 25
Table 4.4 Secondary structure content of wild-type pig citrate synthase, and the interface mutants, 
T146A, and S139A/T146A, estimated from the far-UV CD spectra (Fig 4.12). The actual 
secondary structure content of the wild-type protein, as determined from the crystal 
structure [Remington et a!., 1982], is also given.
4.2.10 GUANIDINE DENATURATION OF THE CITRATE SYNTHASES
The denaturation of a protein structure by treatment with guanidine.HCI can be 
followed by CD (section 4.2.9). The change in CD spectrum, 0, at 225 nm, 
corresponding to the a-helical content, is monitored over a range of denaturant 
concentrations. With the use of an extensive and accurate set of data, the plot of 
0225 against guanidine.HCI concentrations can be used to calculate a value for AG, 
the difference in free energy between the folded and unfolded conformations, at 
each denaturant concentration, using equation 4. The value of AG can then be 
extrapolated back to 0 M guanidine.HCI, i.e. water, in order to calculate the AG^o) 
of unfolding for the protein [Pace, 1990].
AG = -R T ln Eqtn (4)
Where,
Fd is the fraction of protein denatured (the value of 622s for the native conformation minus the 
observed value for 6 2 2 5 )
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The denaturation by guanidine.HCI of pig citrate synthase and the two subunit 
interface mutants was followed by CD spectroscopy. The proteins, at the 
concentrations indicated in section 4.2.9, were incubated with guanidine.HCI, at 
concentrations ranging from 0-6 M, for 15 min at room temperature. The CD 
spectra were then recorded for each sample (Fig. 4.14), and the change at 225 nm 
was noted (Fig. 4.15). These data are not thorough enough to calculate the AG 
values at each denaturant concentration, since the dependence of 6 2 2 5  on 
guanidine.HCI concentration cannot be defined accurately. From an analysis of 
Fig. 4.15, it appears that there may be very subtle differences between the effects 
of denaturant upon the structure of the wild-type and mutant proteins, although at 
this stage of the analysis any differences between the unfolding of the three protein 
structures are very small, if they exist at all, and a more thorough analysis is 
required over the whole range of guanidine.HCI concentrations before any sound 
conclusions can be made.
4.2.11 CRYSTALLISATION TRIALS OF THE INTERFACE MUTANTS.
Knowledge of the 3D structures of the interface mutants of citrate synthase would 
be very useful in comparative analyses with the X-ray structure of the wild type pig 
enzyme [Remington et al., 1982]. Such an analysis could indicate if, and how, the 
substitutions of residues Ser 139 and Thr 146 for Ala amino acids had affected the 
structural conformation of the surrounding residues, the conformation of helix G, 
and also the interactions at the subunit interface. This information would then be 
used to shed light on the results of the kinetic, thermodynamic and spectral 
analyses carried out in previous sections of this chapter.
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Fig. 4.14 Circular dichroism spectra following protein denaturation by guanidine.HCI 
(concentrations, in M, are indicated on each spectrum), recorded at 20°C, for (a) wild-type 
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Fig. 4.15 The percentage change in spectral reading at 225 nm as a function of guanidine.HCI 
concentration for wild-type pig citrate synthase and the mutants T 146A  and 
S139A/T146A. The readings at 0 M and 6 M denaturant concentrations have been taken 
to represent 100% and 0% native conformation, respectively.
Protein crystallisation trials were set up for mutant T146A and mutant S139/VT146A  
of pig citrate synthase. Using Amicon Centriprep concentrators, a 3 mg sample of 
each of the two proteins, purified on the affinity column (section 4.2.4), was buffer- 
exchanged into crystallisation buffer (0.9 M sodium citrate, pH 6.0, 1 mM coenzyme 
A) and concentrated to 7 mg/ml [Remington et al., 1982]. The hanging drop, vapour 
diffusion method was then employed in the crystallisation trials. The buffers used in 
the reservoir included 1.2 M citrate and also those of the Magic 50 Crystal Screen. 
After 7 days, a mass of tiny needle-like crystals were seen in the protein drop using 
Buffer 39 of the Screen, 0.1 M Na.HEPES, pH 7.5, 2 % (v/v) PEG400, 2 M 
ammonium sulphate. These crystals were too small to mount onto the X-ray 
diffractor and so in order to obtain larger crystals, trials were set up using variations 
on Buffer 39 (Table 4.5).
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After 3 months crystals had grown with all the conditions but unfortunately they were 
still too small to mount onto the X-ray diffractor.
Ammonium
0.1 M Na.HEPES PEG400 sulphate conc.
pH % (v/v) (M)
7.2, 7.8 2.0 2.0
7.5 1.6, 1.8, 2.2 2.0
7.5 2.0 1.6, 1.8, 2.2
Table 4.5 The combination of buffers used in crystallisation trials of the mutant pig citrate synthases.
4.3 DISCUSSION
The role of hydrophobic interactions at the subunit interface in pig citrate synthase 
has been investigated by mutating two polar residues, Ser 139 and Thr 146 into 
alanine amino acids. These residues are found in helix G at the interface of the 
protein. This form of mutation has the effect of increasing the alanine content of the 
helix and also increasing the degree of hydrophobicity at the interface, both features 
of which have been shown to play a role in the stability of thermophilic proteins 
[Kotik & Zuber, 1993; Kirino et al., 1994].
The two interface mutants, T146A and S139A/T146A, were created (section 4.2.3), 
and successfully expressed in the citrate-synthase deficient E. coli strain MOB154 
(section 4.2.4). The purification of the enzymes was very straightforward, resulting 
in excellent recovery levels (Table 4.1). There was the possibility that endogenous 
E. coli citrate synthase may have bound to the affinity column, this protein being 
either the expression product of the 'second' E. coli citrate synthase gene
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[Patton et a i, 1993], or the inactive product of the mutated E. coli citrate synthase 
gene [Ashworth & Kornberg, 1966]. Thus, it was encouraging when a cell extract of 
E. coli MOB154 strain was loaded onto the Matrex™ gel Red A column and no 
citrate synthase was eluted under identical conditions to those that were employed 
to purify the pig enzyme (section 4.2.4).
4.3.1 STRUCTURAL CHARACTERISATION
The two subunit interface mutants of pig citrate synthase, T146A and 
S139A/T146A, were homology modelled prior to the site-directed mutagenesis 
(section 4.2.2), and analysis of the models proved to be promising, showing that 
there was no significant conformational change between the wild type citrate 
synthase structure and the two mutant structures. The CD spectroscopy, on the 
other hand, revealed slight differences in both the secondary structure content and 
the tertiary structure of the mutant proteins. Data from the far-UV spectra showed 
that the helical contents in the two mutants were similar to each other but both 
slightly less than wild-type (Table 4.4), even though the helical content of the wild- 
type enzyme had been underestimated somewhat. The underestimation of helical 
content by CD spectroscopy in pig citrate synthase has been reported previously, 
and was due to inappropriate choice of a reference value for the mean residue 
ellipticity [Wu & Yang, 1970]. However, in this case it is thought that the 
discrepancy may be due to an overestimation of the p-strand content, probably 
arising as the result of the smooth p-strand-like nature of helices G and M [S. Kelly, 
pers. comm.]
Data from near-UV spectra (Fig. 4.13) indicated that there were also differences in 
the tertiary structures of the mutant proteins compared with the wild-type pig 
enzyme. Again, the differences are only marginal, but this time the variation due to 
the double mutation was more pronounced than in the single mutant, indicating 
accumulative changes. These slight conformational disparities between the 
structures are not really surprising considering that polar residues, found in helices
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and involved in intersubunit contacts, have been substituted with the aliphatic and 
smaller Ala amino acid. It is interesting that the helical content of the mutants 
should appear to be lower than that in the wild-type pig citrate synthase, and also of 
equivalent values to each other, since it was hoped that Ala substitutions would 
increase the stability of Helix G, and that this stability would be proportional to the 
number of substitutions. However, the differences in helical content may just reflect 
the gross conformational changes that are also observed with the near-UV spectra 
(Fig. 4.13), and which could possibly obscure any increased stability of Helix G.
4.3.2 KINETIC CHARACTERISATION
The kinetic characterisation of the wild-type and mutant citrate synthases was 
carried out (section 4.2.5). The Km values for the two substrates, oxaloacetate and 
acetyl coenzyme A, are below 10 pM in all three enzymes, and this is in agreement 
with the Km values previously reported for eucaryal citrate synthases [Weitzman & 
Danson, 1976]. The Vmax value for mutant S139A/T146A was less than half those 
for the wild-type enzyme and mutant T146A (140, 370 and 360 pmol/min/mg 
protein, respectively). There are two possible explanations to account for this 
difference: Either all of the enzyme is catalytically less efficient, or a portion of the 
protein is present as inactive molecules, whether denatured or not. The latter 
theory is unlikely considering that the mechanism of the affinity chromatography 
employed to purify the proteins requires a coenzyme A binding site, and this can 
only be formed in the dimeric structure of the active enzyme. The former theory is 
more feasible, and is probably due to conformational changes induced in the protein 
as a result of mutating both Ser 139 and Thr 146 residues into Ala amino acids. 
The results of the structural characterisation of the citrate synthases with CD 
spectroscopy (4.2.9) may support this explanation, the near-UV spectra showing 
that the tertiary structure of mutant S139A/T146A is slightly different to that of the 
wild-type protein and mutant T146A (Fig. 4.13).
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4.3.2 THERMAL CHARACTERISATION
From an analysis of the modelled interface mutants (section 4.2.2), a number of 
intersubunit hydrogen bonds were identified that are absent in the mutant proteins, 
two in mutant T146A, and four in mutant S139A/T146A. It was realised that these 
losses could have a detrimental effect upon the thermostability of the mesophilic 
protein, however, it was hoped that the additional stability resulting from mutating 
Ala amino acids into helix G and increasing the hydrophobicity at the subunit 
interface would at least counteract the decrease in bond energy.
The results of the thermal inactivation studies (section 4.2.6) showed that mutant 
T146A was marginally more stable than mutant S139A/T146A. The energies of 
activation of the inactivation process (Ea) were very similar, determined as 
200 kJ/mol and 189 kJ/mol for the single and double mutants, respectively. More 
interesting are the results obtained with the wild-type pig citrate synthase thermal 
inactivation (Fig 4.6(a)), where the inactivation plots were not of the expected linear 
form. For this reason it was not possible to calculate the value of Ea for the wild- 
type enzyme for comparison with the Ea values of the mutants. The value of Ea for 
pig citrate synthase has been cited previously as 331 + 22 kJ/mol [Russell, 1994], 
but this value cannot be used in valid comparisons with those of the mutants 
because the thermal inactivation of the wild-type enzyme was monitored over a very 
short time course, only 10 min, and one cannot be sure if the rate of inactivation 
would not have decreased after an extended time period, as is the case in 
Fig. 4.6(a). More importantly, the concentration of protein used in the reported 
thermal inactivations of Russell [1994] is not known. This is a crucial factor, as 
illustrated by the results of the concentration-dependent inactivation of all three pig 
citrate synthase species (section 4.2.7). The rate of inactivation was found to 
increase with a decreasing concentration of enzyme; this is in agreement with the 
work of McEvily and Harrison [1986]. This group proposes that inactivation of pig 
citrate synthase is dependant on two consecutive first-order processes. Firstly, the 
reversible dissociation of dimers, and secondly, the irreversible denaturation of 
monomers, the rate constants for which are measurable above 1 pM and below
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5 nm protein concentrations, respectively. Intermediate concentrations were shown 
to exhibit a biphasic nature of inactivation.
The results in section 4.2.7, also show a biphasic loss of activity, and more 
significantly they highlight the differences in the concentration-dependent 
inactivation of the mutant citrate synthases when compared with the wild-type 
enzyme. Figures 4.8 and 4.9 illustrate how the rate of inactivation at protein 
concentrations above 100 nM is dramatically increased in the two mutants 
compared to the wild-type citrate synthase. Since dimer dissociation is the first step 
of inactivation, it appears that the mutations at the subunit interface may have 
affected the dissociation constants (Kd) of the molecules, shifting the equilibria 
toward the monomeric states. Below 100 nM protein concentrations the rate of 
inactivation for the three proteins are quite similar, possibly implying that the rate of 
denaturation of the monomeric species of citrate synthase is unaffected by the 
mutations in helix G.
From the results of the differential scanning calorimetry (Fig. 4.11) it would appear 
that the two interface mutants of pig citrate synthase are slightly less thermostable 
than the wild-type enzyme. Although the difference in melting temperatures is only 
small, 50°C (wild-type) compared with 47.5°C (mutants), the fact that the peak in 
heat capacity is shifted by the same amount for both mutants is thought to be 
significant. The presence of an apparent second transition at 57°C with the wild- 
type and mutant S139A/T146A citrate synthases may be the result of the 
independent unfolding of the two domains within each monomer, although, this 
pattern has not been seen before in pig citrate synthase [D W  Hough, pers. comm.]. 
The reason that the single mutant, T146A, does not possess the second transition 
is unclear. In addition, with all three citrate synthases there appeared to be no 
change in the partial Cp of the folded protein compared with the unfolded protein; 
this could be due to the exothermic process of protein precipitation which occurred 
in each sample during the DSC analysis.
The results of the thermodynamic analysis of unfolding of citrate synthase due to 
guanidine denaturation show that there is no clear difference between the unfolding
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of the wild-type and the interface mutant enzymes (Figs. 4.14 and 4.15). 
Unfortunately, the spectroscopic analyses were not detailed enough to enable a 
determination of AG values, and thus need to be repeated more thoroughly before 
any conclusions can be made concerning the differences in AG between the wild- 
type and the mutant citrate synthases.
Overall, it would seem that increasing the hydrophobicity of Helix G at the subunit 
interface of pig citrate synthase has resulted in the creation of two proteins that 
have a slightly reduced stability to temperature and also an increased rate of dimer 
dissociation. The subtle conformational changes in the secondary and tertiary 
structures of the proteins may be responsible for the observed differences 
described. In addition, the kinetics of the double mutant are affected and this could 
be due to the more pronounced effect of the double mutation upon the tertiary 
structure of the enzyme. The changes in tertiary structure may be related to the 
loss of intersubunit hydrogen bonds in both mutants, more so in the double mutant. 
Much more work needs to carried out with the interface mutants in order to quantify 
any differences in the kinetic inactivation and thermodynamic unfolding, compared 
with wild-type pig citrate synthase. Possible future work could include a thorough 
spectroscopic analysis of the guanidine.HCI denaturation of the mutants in order to 
determine any changes in the value of AG between the wild-type and mutants. The 
concentration-dependent thermal inactivation of the three protein species also 
needs to be characterised more fully. Moreover, if the crystal structures of mutants 
T146A and S139A/T146A are determined they can be used in comparative 
analyses with the wild-type enzyme structure in order to explain any disparities 




INVESTIGATING THE EFFECT OF CAVITY MUTATIONS 
UPON THERMOSTABILITY
5.1 INTRODUCTION
From an analysis involving 121 protein chains it was concluded that cavities are 
tolerated within a protein structure rather than actively favoured or disfavoured 
[Hubbard et al., 1994]; this is thought to be because, although the cavities appear 
to be energetically unfavourable, their presence allows other regions of the 
molecule to adopt preferred conformations in order to achieve the lowest global free 
energy [Hubbard et al., 1994]. The general assumption that cavities are 
destabilising derives from the lower number of van der Waals contacts in them 
compared to that in a 'fully' packed structure [Pakula & Sauer, 1989]. Site-directed 
mutagenesis has been used to investigate the effect of both filling cavities, resulting 
in an increase in the thermostability of the protein [Ishikawa, et al., 1993(b)], and of 
creating cavities, resulting in a decrease in the thermostability [Eriksson et al., 1992; 
Ishikawa, et al., 1993(b)]. However, others have found that changes in the packing 
inside cavities makes little or no difference to the stability of the protein in question 
[Karpusas etal., 1989]
As described in section 3.3.2, comparative analyses of dimeric citrate synthases 
from pig, Tp. acidophilum and P. furiosus, reveal that the volume of the molecule 
occupied by cavities decreases dramatically as the thermostability of the protein 
increases. In the present chapter, the role of this feature is investigated by site- 
directed mutagenesis in order to reveal if the differences in the number of cavities 
affects the thermostability of the protein.
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5.2 RESULTS
5.2.1 MODELLING THE CAVITY MUTANTS OF PIG CITRATE SYNTHASE
In pig citrate synthase residues Ala 118 and Ser 412 line independent cavities. In 
the Tp. acidophilum protein the bulkier Tyr residue occupies the equivalent 3D 
positions (residue numbers 76 and 356) and thus they eradicate the cavities in the 
archaeal enzyme structure. Two cavity-filling mutants of pig citrate synthase, a 
single mutant (S412Y) and a double mutant (A118Y/S412Y), were homology 
modelled, substituting the residues Ala 118 and Ser 412 withYyr residues (Fig. 5.1). 
The modelling was carried out as described in section 2.1 using the open form of 
pig citrate synthase (1CTS.PDB) as the template.
A superimposition of the two mutants upon the wild type pig citrate synthase 
showed that there is virtually no change in the a-carbon chains of the mutants. The 
only slight difference is a shift of 0.6 A and 0.31 A at the Ca position of the two 
substituted Tyr residues when compared with Ala 118 and Ser 412, respectively. 
Ramachandran plots were identical between the mutants and wild type enzymes 
indicating that Tyr 118 and Tyr 412 do not adopt strained conformations nor affect 
the conformation of surrounding residues. In addition, the environment of the 
mutated residues and also those residues lining the two cavities were found to be 
unaffected by the amino acid substitutions. The number and nature of hydrogen 
bonds was maintained between the A118Y mutation and the wild type structure; 
however, there was a net loss of one hydrogen bond for the S412Y mutation, 
comprising the loss of two bonds involving Ser 412 but the gain of one hydrogen 
bond involving Tyr 412 (Table 5.1)
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(a)
Fig. 5.1 Cavity-filling mutants of pig citrate synthase. The a-carbon traces of the wild-type pig 
citrate synthase (yellow) and the modelled mutants of the protein (red) are shown 
together with two cavities (hashed), (a) and (b), generated by VO ID O O  [Kleywegt & 
Jones, 1994]. The wild-type residues Ala 118 (a) and Ser 412 (b) are highlighted (blue), 
as are the equivalent mutant Tyr residues (green).
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Fig. 5.1 (b) (See figure legend on previous page)
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WILD TYPE PIG CS 
atom #1 atom #2
CAVITY MUTANTS 
atom #1 atom #2
Ala 118 N Trp 114 O Tyr 118 N Trp 114 0
Ser 412 OE Gin 408 O
Ser 412 OE Gin 408 NE2
Tyr 412 OE Pro 418 O
Table 5.1 Hydrogen bonds involving Ala 118 and Ser 412 (atom #1) with other residues (atom #2) 
of wild type pig citrate synthase, and Tyr 118 and Tyr 412 (atom #1) with other residues 
(atom #2) of the two cavity mutants of pig citrate synthase. Equivalent hydrogen bonds 
are shown alongside each other.
5.2.2 SITE-DIRECTED MUTAGENESIS OF PIG CITRATE SYNTHASE
The pig citrate synthase gene was mutated, using the pALTER™ method, described 
in section 2.2.14, to create the single mutant S412Y and the double mutant 
A118Y/S412Y. The mutagenic oligonucleotides are shown in Fig. 5.2. The double 
mutant was achieved in one mutagenic reaction using both oligonucleotides 
simultaneously.
a) GCA
5' (430) GCA AAG AGG ATA GCT CTG CC (449) 3' 
A115 K116 R117 Y118 A119 L12D
b) AGC
5' (1314) C ATC TGG ATA CGA GCC TTA G (1333) 3'
1410 W411 Y412 R413 A414 L415
Fig. 5.2 Mutagenic oligonucleotides to replace (a) Ala 118 with Tyr, and (b) Ser 412 with Tyr.
The mutated bases are highlighted in bold, the equivalent wild-type bases are shown above 
the oligonucleotides and the corresponding residues are shown below.
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Mutants were screened by manual sequencing of the double stranded recombinant 
pALTER™ vector as described in section 2.2.13 (results are shown in Fig. 2 of the 
Appendix)
5.2.3 EXPRESSION OF CAVITY MUTANTS
Initial expression studies involved the subcloning of S412Y and A118Y/S412Y  
mutant pig citrate synthase genes into the expression vector pKK223-3 at the EcoRI 
and HincM restriction sites, and their subsequent transformation into the citrate 
synthase-deficient E. coli strain MOB154 (protocols are described in sections 2.2.1 
to 2.2.9). Cultures of the transformed E. coli were incubated overnight at 37°C and 
a cell extract was prepared using 1.5 ml of the culture (section 2.3.1). The extracts 
were assayed for citrate synthase activity at 37°C and 55°C (section 2.3.4), but 
there was no detectable activity at either temperature. Electrophoresis of the cell 
extracts and cell debris on 10% SDS-PAGE gels (section 2.3.3) revealed that the 
two mutant proteins were expressed in an insoluble form that pelleted with the cell 
debris.
Detailed studies have shown that in vitro protein aggregation arises from the 
association of partially folded intermediates and depends on protein concentration 
[Jaenicke & Rudolph, 1989; Brems, 1988; Bowden & Georgiou, 1990], Folding 
and aggregation are opposing kinetic pathways influenced by the rate of translation, 
which in turn is governed by the strength of the ribosome binding site, in this case, 
carried on the expression vectors. The growth temperature of the bacterial cells 
expressing the foreign protein has also been shown to greatly affect solubility, with 
the trend towards increased solubility at lower temperatures [Schein & Noteborn, 
1988; LaVallie e ta l., 1993].
In an attempt to produce soluble and active citrate synthase cavity mutants, a 
variety of expression systems were explored involving expression vectors 
pKK223-3, pMEX8 and pJLA602, and E. coli strains MOB154, DH5a and JM105. 
The pMEX8 vector is similar to pKK223-3 (described in section 4.3.2), in that both
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possess the tac promoter for transcription, and ribosome binding site and 
termination signals for translation. Insertion of a gene at the EcoRI restriction site 
with its own initiation codon following immediately, results in the highest efficiency of 
translation. Both vectors code for the piactamase gene for ampicillin resistance, as 
does pJLA602 vector. Vector pJLA602 contains the strong major leftward and 
major rightward promoters from the ^bacteriophage for transcription but these are 
repressed at 28-30°C by the product of the ^bacteriophage clts857 gene, which is 
also present on the vector. Induction is achieved by increasing the incubation 
temperature to 42°C. The vector also carries the translation initiation region for the 
E. coli atpE gene and six termination signals after the BamHI restriction site.
For expression in vectors pKK223-3 and pMEX8, the mutant genes, together with 
wild type pig citrate synthase gene as a control, were inserted at the EcoRI and 
H/'ndlll restriction sites. For pJLA602, the 5' ends of the genes were inserted at the 
A/col restriction site, whilst the 3' ends were cloned into the BamH\ site. This latter 
cloning reaction was achieved by digesting the citrate synthase genes with /-//ndlll, 
and the vector with BamH\, and then end filling both DNA species so that the 3' end 
of the genes were blunt-end ligated with the vector. The vectors, with their various 
inserts, were used to transform the three E. coli strains MOB154, DH5a and JM105 
(protocols are described in sections 2.2.1 to 2.2.9).
5.2.3.1 EXPRESSION USING PKK223-3 AND PMEX8
Cultures of all the pKK223-3 and pMEX8 carrying strains were incubated overnight 
at both 30°C and 37°C. Cell extracts were prepared, assayed for citrate synthase 
activity and electrophoresed, together with cell debris, as described above. For the 
wild type pig citrate synthase controls, the results of the assays showed that an 
active citrate synthase was expressed in all the cultures with specific activities 
ranging from 0.4-26.9 U/mg protein, above any endogenous E. coli enzyme 
(summarised in Table 5.2). The temperature of incubation appeared to have a 
marked effect upon expression levels only in MOB154 strain, where those cultures 
incubated at 37°C had a higher specific activity of citrate synthase than the cultures
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grown at 30°C. There was a significant difference in the level of expression 
between strains: using pKK223-3, the amount of enzymic activity decreased in the 
order MOB154 > DH5a > JM105; with pMEX8, in the order MOB > JM105 > DH5a.
V EC TO R INCUBATION
TEM P.
(°C)
PCS S PECIFIC  AC TIV ITY (U /m g)
IN E. COLI STRAIN  
M O B154 JM 105 DH5cc
pKK223-3 3 0 16
0 .7 6 2 6 .9
3 7 2 4 0.91 2 5 .4
pMEX8
3 0 19 9.91 0 .4
3 7 2 4 .5 7.41 0 .6
Table 5.2 Factors affecting the levels of expression of the pig citrate synthase (PCS) gene.
The table shows the levels of wild type pig citrate synthase activity in the cell extracts 
prepared from different expression system cultures incubated at both 30°C and 37°C. 
The enzymic activity is expressed in terms of specific activity (U/mg protein).
With the cavity mutants, there was no detectable citrate synthase activity above any 
endogenous E. coli citrate synthase, using the vectors pKK223-3 and pMEX8 and 
incubations at either 30°C or 37°C. Analysis of the cell extracts and cell debris on 
SDS-PAGE indicated that there were varied levels of protein expression depending 
on both strain and incubation temperature (summarised in Table 5.3); however, in 






EXPRESSION OF PCS 
IN E. COLI STRAIN  
MOB154 JM105 D H 5a
p K K 223-3
3 0 -  - + + + +
37 + + + + + +
p M E X 8
3 0 + + + - -  -
37 + + + - -  -
Table 5.3 The expression of cavity mutants of pig citrate synthase from different expression 
system cultures incubated at both 30°C and 37°C.
For each strain the first column relates to the single mutant (S412Y) and the second 
column to the double mutant (A118Y/S412Y). Expression was viewed by SDS-PAGE: 






1 2 3 4 5  6 7 8 9 10 11 12 13 14
Fig. 5.3 Expression of the cavity mutants of pig citrate synthase
(a) SDS-PAGE analysis of the single cavity-filling mutant (S412Y).
Lanes 1 & 14: Protein standards, with molecular weights indicated.
Lanes 2 & 8: Cell debris and cell extracts, respectively, of E. coli MOB154 strain carrying 
the pKK223-3 plasmid-encoded mutant. The cells were grown at 30°C.
Lanes 3 & 9: As for lanes 2 & 8, but grown as 37°C
Lanes 4 & 10: As for lanes 2 & 8, but expressed in E. coli JM105 strain
Lanes 5 & 11: As for lanes 4 & 10, but grown as 37°C
Lanes 6 & 12: As for lanes 2 & 8, but expressed in E. coli DH5a strain
Lanes 7 & 13: As for lanes 6 & 12, but grown as 37°C
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1 2 3 4 5 6 7 8 9 10 11 12 13 14
Fig. 5.3 Expression of the cavity mutants of pig citrate synthase
(b) SDS-PAGE analysis of the double cavity-filling mutant (A118Y/S412Y) 
The lanes are the same as those in Fig. 5.3(a).
5.3.2 2 EXPRESSION USING PJLA602
Expression of wild type pig citrate synthase in the vector pJLA602 was investigated 
before assessing the expression of the cavity mutants using this vector. Cultures of 
the three E. coli strains transformed with the recombinant pJLA602 vector, and 
untransformed as control, were grown overnight at 30°C, followed by both 
(i) induction at 42°C for 75 min then incubation at 37°C for 3 h, and (ii) induction at 
42°C over a time course of 30 min, 1 h, 2 h and then incubation at 37°C overnight. 
Prior to the incubation overnight at 37°C, a 1.5 ml volume of the culture was 
centrifuged at 13,000 x g for 15 s and the cell pellet resuspended in 8 ml LB 
medium supplemented with ampicillin (section 2.2.1).
Cell extracts of the cultures were prepared, assayed for citrate synthase activity and 
electrophoresed, together with cell debris, as described above. For the control, the 
results of the assays show that there was no change in the endogenous levels of 
E. coli citrate synthase in the untransformed bacterial cultures. On the other hand,
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for the transformed cells it appeared that the level of expression of pig citrate 
synthase was dependent upon both the lengths of induction at 42°C and the 
subsequent incubation at 37°C, such that as these time periods were extended the 




PCS SPECIFIC ACTIVITY (U/mg)
IN E. COLI STRAIN 
MOB154 JM105 DH5a
0.5 0.10 0.06 0.14
1 0.15 0.21 0.19
2 0.85 1.51 0.54
Table 5.4 Expression of wild-type citrate synthase with pJLA. Table showing the level of wild 
type pig citrate synthase (PCS) activity in cell extracts of three E. coli strains, MOB154, 
JM105 and DH5a carrying the pJLA602 plasmid-encoded pig enzyme gene, as a 
function of the length of induction at 42°C. All were followed by a 19 h incubation at 
37°C. The enzymic activity is expressed as specific activity in U/mg protein. There was 
no enzyme activity, above endogenous E. coli citrate synthase activity, in those cells 
induced at 42°C for 75 min, followed by an incubation at 37°C for 3 h.
Expression levels of wild type pig citrate synthase were low, when compared with 
those using the vectors pKK223-3 and pMEX8 (Table 5.2), as judged by SDS- 
PAGE of the cell extracts (Fig 5.4). It would also seem that a portion of the wild 
type protein was insoluble since there appeared to be an additional band at 







Fig. 5 .4 SDS-PAGE analysis of the expression of wild-type citrate synthase with pJLA602. 
Lanes 1 & 12: Protein standards, with molecular weights indicated 
Lanes 2 & 7: Cell extract (CE) and cell debris (CD), respectively, of E. coli strain JM105  
Lanes 3 & 8: CE's and CD's, respectively, of E. coli strain JM105 carrying the pJLA602 
plasmid-encoded wild type citrate synthase gene. The cells were induced at 42°C for 30  
min followed by incubation at 37°C for 19h 
Lanes 4 & 9: As for lanes 3 & 8, but induced for 1 h at 42°C  
Lanes 5 & 10: As for lanes 3 & 8, but induced for 2 h at 42 °C
Lanes 6 & 11: As for lanes 3 & 8, but induced for 75 min at 42°C followed by incubation for
3 h at 37°C.
Conditions employed for the expression of the two cavity mutants of pig citrate 
synthase using the pJLA602 vector involved both (i) induction at 42°C for 90 min 
followed by incubation at 37°C for 3 h, and (ii) induction at 42°C for 3 h then 
incubation at 37°C overnight. As with the expression of wild-type protein, bacteria 
were transferred into fresh media supplemented with antibiotic prior to the overnight 
incubation. Cell extracts of the cultures were prepared, assayed for citrate synthase 
activity and electrophoresed, together with cell debris, as described above. There 
appeared to be no active plasmid-encoded citrate synthase expressed for either
mutant in all three E. coli strains under the two different induction conditions.
In addition, when assessed on SDS-PAGE (Fig. 5.5), the levels of mutant protein 
expression seemed to be very low, as with the wild type expression, when 
compared to those levels expressed using pKK233-3 and pMEX8 vectors (Fig. 5.3).
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kDa
Fig. 5.5 Expression of the citrate synthase cavity mutants with pJLA602.
The results of the SDS-PAGE analysis were the same for both cavity mutants and so only 
the results for the S412Y mutant have been shown.
Lane 1: Protein standards, with molecular weights indicated
Lanes 2 & 3: Cell extract (CE) and cell debris (CD), respectively, of E. coli JM105 strain 
carrying the pJLA602 plasmid-encoded cavity mutant of citrate synthase, S412Y. The cells 
were induced at 42°C for 1.5 h, then incubated at 37°C for 19 h.
Lanes 4 & 5: As for lanes 2 & 3, but induced at 42°C for 3 h
Lanes 6 & 7: As for lanes 2 & 3, but expressed in E. co//MOB154 strain
Lanes 8 & 9: As for lanes 6 & 7, but induced at 42°C for 3 h
Lanes 10 & 11: As for lanes 2 & 3, but expressed in E. coli D H 5a strain
Lanes 12 & 13: As for lanes 10 & 11, but induced at 42°C for 3 h
5.2.4 INVESTIGATING THE EFFECT OF ORGANIC COM PO UNDS ON 
PROTEIN EXPRESSION.
It has been previously reported that non-metabolisable sugars and polyalcohols, 
such as raffinose, sucrose, sorbose and sorbitol, and 'compatible osmolytes', such 
as betaine, an amino acid derivative, can have a profound effect upon the levels of 
expression of soluble protein [Bowden & Georgiou, 1990; Blackwell & Horgan, 
1991]. The sugars increase the osmotic pressure of the growth medium, which in
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turn can affect the growth rate and expression of certain genes within the E. coli 
cells [Gutierrez et a i, 1987]. The osmotic stress facilitates the uptake of the betaine 
which is thought to preferentially hydrate and stabilise the protein [Arakawa & 
Timasheff, 1985].
The effects of sorbitol, sucrose and betaine upon production of soluble cavity 
mutants of pig citrate synthase were investigated. From the results of studies in 
section 5.2.3, the vector pKK223-3 and E. coli strain DH5a were chosen as the 
expression systems with which to work. Bacterial cultures were incubated in the 
presence of a range of betaine, sorbitol and sucrose concentrations at temperatures 
of 30°C and 37°C (see Table 5.5). Cell extracts of 1.5 ml culture volume were 
prepared in the presence and absence of 1 M betaine (section 2.3.1). The extracts 
were assayed for citrate synthase activity at both 37°C and 55°C (section 2.3.4) and 




2.5 0.5 & 1.0
5.0 0.5 & 1.0
2.5 0.5 & 1.0
Table 5.5 Combination of concentrations of betaine together with either sorbitol or sucrose, used 
in the expression studies. Those cultures containing 0.5 M sorbitol/sucrose were 
incubated for 20 h at 30°C and 17 h at 37°C. Those cultures containing 1.0 M 
sorbitol/sucrose were incubated for 30 h at 30°C and 24 h at 37°C. It was not possible 
to prepare cell extracts from the cultures containing 1 M sucrose due to difficulties with 
the sonication of the cells.
The results of the assays showed that there was no active citrate synthase 
expressed above the endogenous levels of citrate synthase in the E. coli DH5a 
strain, the specific activity of which remained equal to cells grown in the absence of
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the alcohol, sugar and betaine. Sonication in the presence of 1 M betaine had no 
effect upon the levels of enzyme activity in the cells. Electrophoresis of the extracts 
and cell debris indicated that the sorbitol/betaine and sucrose/betaine did have a 
positive effect upon the level of production of soluble protein, as seen by the 
addition of a band at approximately 49 kDa in the cell free extract on the gels 
(Fig. 5.5). Indeed, for those cultures grown with 1.0 M sorbitol at 30°C, most of the 









Fig. 5.5(a) SDS-PAGE analysis illustrating the effects of sorbitol and betaine upon expression 
of soluble protein.
The results of the SDS-PAGE analysis were the same for both cavity mutants and at both 
2.5 mM and 5.0 mM betaine concentrations, thus only those for mutant S412Y at 2.5 mM  
betaine have been shown.
Lanes 1 & 12: Protein standards, with the molecular weights indicated
Lanes 2 & 3: Cell debris (CD) & cell extract (CE), respectively, of E. coli strain DH5a,
grown at 37°C in the presence of 2.5 mM betaine and 0.5 M sorbitol
Lanes 4 & 5: CD & CE of E. coli strain DH5a carrying the pKK223-3 plasmid-encoded
cavity mutant of citrate synthase, grown in the presence of 2.5 mM betaine and 0.5 M
sorbitol, at 30°C
Lanes 6 & 7: As for lanes 4 & 5, but grown at 37°C
Lanes 8 & 9: As for lanes 4 & 5, but grown in the presence of 2.5 mM betaine and 1.0 M
sorbitol




66.2  * 4
450  H
31.0 -------- 1 |
1
Fig. 5.5 (b) SDS-PAGE analysis illustrating the effects of sucrose and betaine upon expression 
of soluble protein.
Lanes 1 & 12: Protein standards, with the molecular weights indicated
Lanes 2 & 3: Cell debris (CD) & cell extract (CE), respectively, of E. coli strain DH5a
carrying the pKK223-3 plasmid-encoded cavity mutant (S412Y) of citrate synthase, grown
in the presence of 2 .5  mM betaine and 0.5 M sucrose, at 30°C
Lanes 4 & 5: As for lanes 2 & 3, but grown at 37°C
Lanes 6 & 7: CD & CE, respectively, of E. coli strain DH5a, grown at 37°C in the
presence of 2 .5 mM betaine and 0.5 M sucrose
Lanes 8 & 9: As for lanes 2 & 3, but carrying the A118Y/S412Y mutant instead
Lanes 10 & 11: As for lanes 8 & 9, but grown at 37°C
5.2.5 DENATURATION AND REFOLDING OF CITRATE SYNTHASE.
The reactivation of guanidine-denatured citrate synthase has been reported 
previously with a recovery rate of 25% initial activity when the guanidine.HCI was 
removed by dilution [D. W. Hough, pers. comm.] and 66% when diluted in the 
presence of polyoxyethylene 10 lauryl (POE(10)L) and p-cyclo-dextrin (p-CD) 
[Rozema & Gellman, 1995]. The latter method involves the formation of a complex 
between the POE(10)L, a non-ionic detergent, and the denatured protein thus
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preventing aggregation. Protein folding is then initiated by the addition of p-CD 
which strips away the deargent to allow correct refolding. In this manner the low 
molecular weight agents *re acting as artificial chaperones. Other refolding studies 
indicated that dilution of (uanidine.HCI in the presence of the bacterial chaperone 
proteins GroEL and GroES together with ATP, resulted in only a 40 % recovery of 
initial activity [Buchner 3t tl., 1991].
In an attempt to gain sduble and active cavity mutants of pig citrate synthase, 
pellets of the aggregateJ protein were treated with guanidine.HCI prior to two 
different refolding experinents being carried out. The initial experiment involved 
isolating the cell debris fom 1.5 ml cultures of E. coli MOB154 strain carrying the 
pKK223-3 plasmid-encocfed mutants, S412Y and A118Y/S412Y (section 2.3.1). 
The pellets of debris and aggregated protein were resuspended in 6 M 
guanidine.HCI (Ultrapure, Sigma) and 20 mM dithiothreitol (DTT) and incubated for 
15 min at room temperature, after which the guanidine.HCI was diluted 67 fold into 
2TE8. This refolding solution was allowed to sit for 2 h during which time aliquots 
were assayed for citrate synthase activity at 37°C (section 2.3.4). Wild type citrate 
synthase (1 pg/ml in the refolding solution) was used as a control both under 
denaturing and non-denaturing conditions in order to assess the percentage 
recovery. After 30 min refolding there was no further increase in the level of 
recovery of renatured wJd type citrate synthase, which remained at 25% initial 
activity. After 2 h the activity of the non-denatured citrate synthase had dropped to 
95% of its initial value; however, after the same time period the mutant citrate 
synthases had still not developed any enzymic activity.
The second experiment involved purifying the inclusion bodies containing the 
aggregated protein, using a modified method of Fischer et al. [1992]. A cell extract 
was prepared from the bacteria of a 200 ml culture volume of E. coli strain DH5a 
carrying the pKK223-3 plasmid-encoded mutant citrate synthase genes (section 
2.3.1). The cell debris pellet was washed with 100 ml of 50 mM phosphate buffer, 
pH 7.4, 0.15 M NaCI, 1 mM EDTA, followed by agitation in 100 ml of 2 M urea, in 
the above buffer, for 20 min. The purified inclusion bodies were then pelleted at 
4,000 x g for 30 min at 4°C and then resuspended in 50 pi MilliQ water. A series of
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samples were set up that contained the equivalent of 0.01, 0.1, 1.0, 10 and 20 mg 
of pure inclusion bodies, 6 M guanidine.HCI and 36 mM DTT. These samples were 
left to denature for 1 h at room temperature, after which they were diluted 50 fold 
into a buffer that contained 146 mM Tris.HCI, pH 8.0, 0.742 mM EDTA, 0.582 mM 
POE(10)L. Following another one-hour incubation, the samples were further diluted 
in a ratio of 7:3 with a solution of 5.3 mM p-CD. The final concentration of reagents 
in this refolding mix was 84 mM guanidine.HCI, 0.49 mM DTT, 100 mM Tris.HCI, 
0.5 mM EDTA, 0.4 mM POE(10)L and 1.6 mM p-CD. Aliquots of the mix were 
assayed for citrate synthase activity (section 2.3.4) over a time course extending to 
15 h, time zero being taken at the point of p-CD addition. Controls included, 
(i) inclusion bodies (1 mg equivalent) denatured but refolded in the absence of 
POE(10)L and p-CD, (ii) wild type citrate synthase (0.34 pg/ml final concentration in 
the refolding mix) untreated with guanidine.HCI but incubated with the POE(10)L 
and p-CD, (iii) wild type enzyme denatured and refolded in the presence and 
(iv) absence of POE(10)L and p-CD. For the wild type citrate synthase controls, the 
results showed that the native enzyme decreased to 64% of initial activity over the 
15 h time course, 66% activity was regained after refolding the denatured wild type 
protein in the presence of POE(10)L and p-CD after 15 h, whilst only 28% was 
regained in the absence of POE(10)L and p-CD, all of which was present at time 
zero. Unfortunately there was no active citrate synthase detected at any time in any 
of the refolding mixtures involving the cavity mutants. An attempt was made to 
precipitate any soluble protein in the refolding mix, following pelleting of all insoluble 
matter at 13,000 x g, using both 10% (w/v) trichloro acetic acid and 80% saturated 
solution of ammonium sulphate, but with no success.
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5.3 DISCUSSION
The work carried out in this chapter has highlighted the difference between theory 
and practice of site-directed mutagenesis. Modelling of the cavity-filling mutants of 
pig citrate synthase gave promising results that suggested that substituting Ala 118 
and Ser 412 with Tyr residues would not greatly affect the thermodynamic stability 
of the proteins, the only significant alteration being the net loss of one hydrogen 
bond where the Ser 412 to Tyr mutation was concerned (5.2.1). However in reality, 
such seemingly harmless mutations have resulted in the expression of a protein that 
primarily aggregates in solution (5.2.3). It is likely that the mutations have hindered 
the minor structural adjustments of intermediates that are required to take place 
along the folding pathway resulting in aggregation of partially-folded peptides. The 
Ala 118 and Ser 412 occur at the C-terminal end of helices E and S, respectively, in 
pig citrate synthase, whilst in the Tp. acidophilum enzyme Tyr 56, equivalent to Ala 
118, is found in the loop between helices E and F. Tyrosine residues are known to 
destabilise a-helical structures, more so than Ser, due to the restrictive 
conformational freedom of the Cp substituted side chain and also their ability to 
hydrogen bond to the main chain in the unfolded state [Horovitz et al., 1992; Ptitsyn 
& Finkelstein, 1983]; therefore, their substitution into the secondary structure of pig 
citrate synthase maybe responsible for the incorrect folding of the protein.
Attempts to produce soluble protein were initially unsuccessful (5.2.3). Expression 
vector systems employing different translation initiation and termination signals were 
tried in three different host strains of E. coli, but to no avail. It may be that the rate 
of protein expression using vectors pKK223-3 and pMEX8 was too high, and so the 
kinetic process of aggregation prevailed above the folding process. This is in spite 
of growing the cells below their optimum growth temperature and purposely not 
inducing expression. On the other hand, expression levels of citrate synthase using 
vector pJLA602 were particularly low and this may reflect the need to optimise the 
induction and incubation conditions with this vector. It was interesting to note that 
there was differential expression of the citrate synthase for each vector in the three 
different E. coli strains, and that this did not reflect the supplier's recommended host
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strain. From this point of view, the results of the expression system studies were 
useful when choosing a system to use in subsequent experiments.
Soluble protein of the cavity mutants was eventually produced with the use of 
sorbitol, a polyhydroxy alcohol, sucrose and betaine, an amino acid derivative 
(5.2.4). The betaine may have stabilised the partially-folded intermediates and so 
prevented aggregation. However, the two mutants were inactive and therefore one 
must assume that either the soluble proteins were incorrectly folded, thus producing 
inactive enzymes, or that they were folded correctly but unable to carry out the 
citrate synthase reaction. The latter could be due to restrictions upon the 
conformational movements required for activity of the dimeric citrate synthase, 
where the small domain rotates 19° with relation to the large domain upon substrate 
binding [Remington etal., 1982].
Denaturing and refolding experiments were conducted in order to encourage the 
aggregated citrate synthase mutants to fold correctly (5.2.5). These experiments, 
making use of low molecular weight agents, POE(10)L and p-CD as artificial 
chaperones, were very successful for wild type citrate synthase, recovering 66% of 
initial activity, or 100% of residual activity. However, the conditions were 
unsuccessful for refolding of active mutants and it appeared that no protein was 
made soluble during the refolding step, since none precipitated with TCA nor 
ammonium sulphate.
Further analysis of the cavity-filling mutants needs to be carried out to obtain active 
protein. There may be other expression systems that can be employed together 
with the use of sorbitol and betaine in the growth medium that will be more effective 
than those tried in sections 5.2.3 and 5.2.4. Expression of a foreign gene as a 
fusion protein tends to be successful for the production of both soluble and active 
proteins [LaVallie et a/., 1993]. Unfortunately, this type of system is unsuitable for 
use with mutant citrate synthases since the linker residues remaining after cleavage 
of the fusion could affect the stability of the citrate synthase. On the other hand, the 
denaturing and refolding of the insoluble or soluble forms of the two mutants could 
be optimised, maybe using urea or NaCI, instead of guanidine, in the denaturing
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step. Refolding studies were not carried out on the soluble mutant proteins 
expressed in the presence of sorbitol/sucrose and betaine (section 5.2.4) due to the 
high concentration of endogenous E. coli proteins that could interfere with the 
refolding process. Nevertheless, these experiments could be conducted denaturing 
either the cell extracts or, more preferably, a purified sample of the cavity mutants.
If soluble and active protein of the pig citrate synthase cavity mutants is obtained 
then characterisations of the kinetics, thermostability and structure of the enzymes 
can be carried out, as in Chapter 3 with the subunit interface mutants, in order to 
investigate the effect of reduction in cavity size.
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CHAPTER 6
THE ROLE OF THE N-TERMINUS IN CITRATE SYNTHASE
6.1 INTRODUCTION
There are two forms of the citrate synthase monomer, one being approximately 40 
residues longer at the N-terminus than the other. At the time when the experiments 
described in this chapter were carried out it was thought that these N-terminal 
residues may play a role in the thermostability of citrate synthase, as described in 
section 3.3.2.1, since all the archaeal citrate synthases were of the shorter form, as 
was that from a thermotolerant Bacillus species. However, more-recently elucidated 
citrate synthase sequences from mesophilic organisms have also been of the 
shorter form and so it is now believed that the N-terminal arm could represent a 
phylogenetic marker instead. Nevertheless, the absence of the terminal residues 
makes citrate synthase from Tp. acidophilum a more compact and less flexible 
structure, which could play some role in the thermostability of the protein, and so 
this has been tested by site-directed mutagenesis.
6.2 RESULTS
6.2.1 HOMOLOGY MODELLING THE TRUNCATED PIG CITRATE 
SYNTHASE
A mutant of pig citrate synthase, with the first 36 N-terminal residues removed, was 
homology modelled using the 3D structure of the open form of pig citrate synthase 
(1CTS.PDB) as the template (section 2.1).
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The DSSP program was used to identify residues in the monomer that were 
exposed to solvent as a result of removing the N-terminus of the structure, as 
judged by a change in the surface accessibility of at least 5 A2. There are 24 
residues that became exposed, half of which are hydrophobic, six charged and the 
remaining six polar. The environment of the exposed residues was checked and it 
appeared that none were in an unsuitable environment. In comparison, in the wild- 
type citrate synthase monomer, residues from Lys 22 to Val 32 were shown to have 
the lowest suitability to their environments in the molecule. In the wild-type enzyme 
there are 31 hydrogen bonds involving residues of the N-terminal arm, 27 of these 
bonds are within the terminus structure mostly along the a-helix; the remaining four 
bonds are to other non-contiguous residues of the subunit. All these hydrogen 
bonds are absent in the truncated mutant.
Upon dimer formation, the majority of residues 22-36 are buried through packing 
with the equivalent residues in the other subunit. This packing is complemented by 
a significant increase in the suitability of the environment of these residues. There 
are six hydrogen bonds, formed between the N-terminal residues of the two 
subunits, and a further ten hydrogen bonds formed with other residues of the 
second subunit, all of which are absent in the dimer of the truncated mutant citrate 
synthase.
In summary, analysis of the model of the truncated pig citrate synthase showed that 
the structure was thermodynamically stable but with a significant reduction in the 
number of hydrogen bonds in both the monomer and dimer of the protein. 
To compensate for this loss of bonds, it is thought that the removal of the N-terminal 
arm from the protein will result in a less flexible structure, particularly since the arm 
is one of the most highly flexible regions of the protein [Remington et a!., 1982].
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6.2.2 DELETING THE N-TERMINUS FROM PIG CITRATE SYNTHASE
The first 36 N-terminal residues of pig citrate synthase were removed using the 
polymerase chain reaction (PCR). Plasmid DNA (clone pCS4), 10 pg was incubated 
with 1 pM primers (Fig. 6.1), 300 pM of each deoxynucleoside triphosphate and 
VentR™ buffer (10 mM KCI, 20 mM Tris.HCI pH8.8, 10 mM (NH2)2S 0 4, 2 mM M gS04 
0.1 %(v/v) Triton X-100) at 95°C for 5 min, after which 1 U of VentR™ was added. 
The PCR was continued for 30 cycles, melting at 94°C for 90 s, annealing at 37°C 
for 90 s and extending at 72°C for 90 s. A final incubation was carried out at 72°C 
for 10 min. Reaction controls involved omitting each primer in turn and also omitting 
the template plasmid DNA. The PCR was analysed on a 1 % (w/v) agarose gel 
(section 2.2.5) (Fig. 6.2) and then the amplified DNA was purified from a 1 % (w/v) 
LMP agarose gel (section 2.2.6). The DNA was ligated into M13mp19 at the EcoRI 
and Hind\\\ restriction sites, and the resultant plasmid was used to transfect E. coli 
strain DH5aF' (protocols are described in sections 2.2.4 to 2.2.10). Single-stranded 
DNA was isolated (section 2.2.11) and then sequenced manually to check that 
translation would start with the introduced Met followed by residue Thr 37 (section 
2.2.13) (results are shown in Fig. 3 of the Appendix).
Forward PCR primer:
5' (176) AC ACC GTG GTG AAT TCA ATG ACT GTG GAC (204) 3'
EcoRI start T37 V38 D39
Fig. 6.1 Primer used in PCR to remove first 36 N-terminal residues from the pig citrate 
synthase gene. The forward primer introduces an EcoRI site (GAATTC) and a 
translation start codon (ATG). All the mutations are shown in bold, the base numbers are 
in brackets and the amino acids are shown below their codon. The reverse primer is the 
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Fig. 6.2 PCR to create a truncated pig citrate synthase.
Lane 1: 1 kbase DNA size markers 
Lane 2: PCR product
Lanes 3-5: Control reactions omitting the forward primer (3) the reverse primer (4) and the 
template DNA (5)
6.2.3 EXPRESSION OF THE TRUNCATED CITRATE SYNTHASE  
M UTANT
The truncated mutant of pig citrate synthase was ligated into the expression vector 
pKK223-3 (described in section 4.2.3), at the EcoRI and Hind\\\ restriction sites, and 
this was used to transform the citrate synthase-deficient E. coli strain MOB154 
(protocols are described in sections 2.2.1 to 2.2.9). A cell extract was prepared 
from an overnight culture of the transformed E. coli (section 2.3.1), and this was 
assayed for citrate synthase activity at 37°C and 55°C (section 2.3.4). The extract, 
together with the cell debris, were electrophoresed on a 10% SDS-PAGE gel 
(section 2.3.3).
This initial expression study showed that there was no detectable citrate synthase 
activity in the cell extract nor any expressed protein detectable on SDS-PAGE. 
Thus, a range of different expression systems were tested with the truncated 
mutant, equivalent to those that were used in section 5.2.3.1 with the cavity mutants 
of pig citrate synthase. The mutant gene was ligated into a second expression 
vector, pMEX8 (described in section 5.2.3), at the EcoRI and HindWl restriction sites, 
and both recombinant vectors were then used to transform the three E. coli strains
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MOB154, DH5a and JM105 (protocols same as above). The bacteria were 
incubated at both 30°C and 37°C for 19 h, after which cell extracts were prepared, 
assayed for citrate synthase activity and electrophoresed, together with cell debris, 
on 10% SDS-PAGE gels, as described above. Wild-type citrate synthase was 
expressed under identical conditions and the results of this control, described in 
section 5.2.3.1, show that an active, soluble citrate synthase was produced and that 
it was detectable in the cell extract on SDS-PAGE gels as an additional band at 
49 kDa. Unfortunately, with the truncated mutant, there was no active citrate 
synthase, above any endogenous E. coli enzyme activity, detected in any of the cell 
extracts grown under all the conditions. SDS-PAGE gels showed that there was 
expression of the mutant protein but only using the vector pKK223-3 in the E. coli 
strain DH5a, and that the protein was insoluble (Fig. 6.3, lanes 6 & 7).
Fig. 6.3 SDS-PAGE analysis of the expression of the truncated mutant of pig citrate synthase. 
Lanes 1 & 14: Protein standards, with molecular weights indicated.
Lanes 2 & 8: Cell debris and cell extracts, respectively, of E. coli MOB154 strain carrying 
the pKK223-3 plasmid-encoded mutant enzyme. The cells were grown at 30°C.
Lanes 3 & 9: As for lanes 2 & 8, but grown as 37°C
Lanes 4 & 10: As for lanes 2 & 8, but expressed in E. coli JM105 strain
Lanes 5 & 11: As for lanes 4 & 10, but grown as 37°C
Lanes 6 & 12: As for lanes 2 & 8, but expressed in E. coli DH 5a strain
Lane 7: As for lane 6, but grown as 37°C
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6.2.4 INVESTIGATION OF THE EFFECT OF ORGANIC COMPOUNDS ON 
PROTEIN EXPRESSION
In an attempt to express an active, soluble truncated mutant of pig citrate synthase, 
the effects of differing concentrations of sorbitol, sucrose and betaine upon the 
expression levels of the protein was investigated, as described in section 5.2.4. The 
mutant gene was produced using the vector pKK223-3 in the E. coli strain DH5a, 
and the conditions employed are shown in Table 5.5. Ceil extracts were prepared 
from cultures that had been incubated at both 30°C and 37°C. The extracts were 
made in the presence and absence of 1 M betaine, as in section 5.2.4, and then 
assayed for citrate synthase activity at 37°C and 55°C (section 2.3.4). The extracts 
and cell debris were electrophoresed on 10% SDS-PAGE gels (section 2.3.3). The 
results of the assays show there was no detectable citrate synthase activity, above 
any endogenous E. coli enzyme activity, in any of the extracts. Moreover, from 
analysis by SDS-PAGE, it appears there is mutant protein expression, in both 
insoluble and soluble forms, only with the 0.5 M sorbitol concentration (Fig. 6.4).
6.2.5 DENATURATION AND REFOLDING OF THE TRUNCATED 
MUTANT.
Results of guanidine denaturation and refolding experiments on the wild-type citrate 
synthase (section 5.2.5) revealed that 66 % of initial activity can be recovered when 
the guanidine.HCI is diluted out in the presence of the non-ionic detergent 
POE(10)L, and p-cyclodextrin. Therefore, denaturation and refolding experiments 
were carried out on the aggregated truncated mutant of pig citrate synthase in an 
attempt to refold the expressed protein into a soluble and active form. The 
conditions used were the same as those employed for the two experiments on the 
cavity mutants of citrate synthase, described in section 5.2.5. Both cell debris 
pellets and purified inclusion bodies were treated with guanidine.HCI, which was 
then removed by dilution in the presence and absence of POE(10)L and p-CD. The 
truncated mutant did not refold into a soluble form when the cell debris pellet was
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treated with guanidine.HCI, nor when the purified inclusion bodies were treated and 






Fig. 6.4 SDS-PAGE analysis illustrating the effects of sorbitol and betaine upon expression of 
soluble protein.
Lanes 1 & 12: Protein standards, with the molecular weights indicated
Lanes 2 & 3: Cell debris (CD) & cell extract (CE), respectively, of E. coli strain DH5a,
grown at 37°C in the presence of 5 mM betaine and 0.5 M sorbitol
Lanes 4 & 5: CD & CE of £. coli strain DH5a carrying the pKK223-3 plasmid-encoded
truncated citrate synthase, grown in the presence of 5.0 mM betaine and 0.5 M sorbitol, at
30°C (for 20 h)
Lanes 6 & 7: As for lanes 4 & 5, but grown at 37°C (for 17 h)
Lanes 8 & 9: As for lanes 4 & 5, but grown in the presence of 5 mM betaine and 1.0 M
sorbitol (for 30 h at 30°C)
Lanes 10 & 11: As for lanes 8 & 9, but grown at 37°C (for 24 h)
140
6.3 DISCUSSION
A truncated mutant, that involved removing the first 36 N-terminal residues of pig 
citrate synthase, was homology-modelled (section 6.2.1) and created (section 
6.2.2). The purpose of this mutant was to investigate the role of the N-terminal arm 
upon the activity and thermostability of citrate synthase, since all archaeal citrate 
synthase sequences are of the shorter form and do not possess these N-terminal 
residues (Fig. 3.1). Although the arm could be related to phylogenetic 
characteristics, the absence of the residues in the Tp. acidophilum protein does 
mean that the thermophilic enzyme is a more compact and a less flexible structure 
when compared to pig citrate synthase. In the latter structure, the N-terminal 
residues constitute one of the four areas of the molecule that possesses the highest 
temperature factors [Remington et al., 1982] and so one can imagine that as the 
temperature is increased this portion of the protein will start to unfold rapidly and 
possibly initiate denaturation within the protein. There are other examples where 
thermostable proteins have reduced flexibility at the termini when compared to their 
mesophilic equivalents. For example, with phosphoglycerate kinase from 
B. stearothermophilus, the N- and C-termini are both fixed to the main body of the 
protein with additional salt bridges [Davies et al.f 1993], as is the C-terminus in 
thermolysin from B. thermoproteolyticus [Pauptit et al., 1988], and the N-terminus of 
rubredoxin from P. furiosus is fixed with additional hydrogen bonds [Blake et al., 
1991]. On the other hand, residues 22-39 of pig citrate synthase are involved in an 
extensive range of intra- and intersubunit contacts (section 6.2.1 and Remington 
et al. [1982]) and the loss of these hydrogen bonds and hydrophobic interactions 
could have a destabilising effect upon the structure of the mesophilic enzyme; 
however, analysis of the model of the mutant did not indicate any thermodynamic 
instability within the protein.
As far as expression of the mutant pig citrate synthase is concerned, both soluble 
and insoluble forms of the protein were produced (sections 6.2.3 and 6.2.4), but 
both were inactive and so other expression systems need to be tested in order to 
obtain an active and soluble enzyme. These studies could utilise the use of sorbitol 
and betaine in the growth medium, since it was under these conditions that the
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soluble mutant protein was expressed (section 6.2.4). The aggregation of the 
truncated citrate synthase molecules could be the result of hydrophobic clumping 
initiated between the now-exposed residues of the protein, or the detrimental effect 
of removing the N-terminus of the protein so that correct folding upon protein 
biosynthesis is hindered. The guanidine.HCI treatment of the aggregated mutant 
enzyme was unsuccessful at refolding the protein into an active and soluble form, 
this may be rectified if the protocol was optimised using dialysis, for example, 
instead of dilution to remove the guanidine.HCI, or even using urea or NaCI in place 
of the guanidine.HCI. Refolding studies were not carried out on the soluble mutant 
protein, expressed in the presence of sorbitol and betaine (section 6.2.4), because 
the endogenous E. coli proteins could interfere with the refolding process; 
nevertheless, the experiment could be carried out on a purified sample of the 
soluble truncated protein. However, it does seem more likely that the truncated 
peptide is unable to fold into a structure with a global free energy minimum that 
represents the same structure as wild-type pig citrate synthase but without the 
N-terminal 36 residues.
The mutations carried out in the creation of the truncated pig citrate synthase were 
more dramatic than those of previous site-directed mutants, described in Chapters 4 
and 5, where only one or two residues were altered. For this reason, the results 
obtained with expression of the truncated mutant are not altogether surprising, 
considering that expression of the cavity-filling mutants yielded inactive citrate 
synthase in both soluble and insoluble forms (sections 5.2.3 and 5.2.4). Once again 
the gap between theory and practice of site-directed mutagenesis has been 
highlighted, although there was more indication from the homology modelling in this 
chapter that a truncated mutant of citrate synthase was likely to be less stable than 
the cavity mutants, due to the loss of a significant number of hydrogen bonds.
If a soluble and active form of the truncated mutant of pig citrate synthase is 
produced, then the effect of the N-terminal arm upon the stability and activity of the 
enzyme can be characterised and it will be revealed if the N-terminus is simply a 





The work described in this thesis, investigating protein thermostability in citrate 
synthase from the Archaea, complements that of our research group. A number of 
enzymes, in particular citrate synthase, are used as models for the study of protein 
thermal stability, halophilicity and, more recently, psychrophily. The genes for these 
enzymes have been cloned from archaeal species, sequenced and over-expressed, 
either in the bacterium E. coli or back in the modified archaeal strain. Over 
production of the protein of interest has then enabled its purification, 
characterisation and in most cases crystallisation. Using these 3D structures in 
comparative analyses with those of mesophilic homologs, we have gained an 
insight into possible features that could relate to the enhanced stability of the 
archaeal enzymes. The next stage of the research entails using site-directed 
mutagenesis to investigate the role of these features in protein stability. A full 
characterisation of the mutants, including structure elucidation, then determines 
whether or not the feature does play a role in stability.
The crystal structures of citrate synthase from pig, Tp. acidophilum and P. furiosus 
are available [Remington et al., 1982; Russell et al., 1994; Russell et al., in press]. 
Comparative analyses between these three proteins have been conducted and 
have resulted in the proposal of a number of features that may play a role in 
conferring (hyper)thermostability upon the archaeal enzymes [described in Chapter 
3 and Russell, 1994; Russell et al., 1994; Russell et al., in press]. The trend from 
mesophile to hyperthermophile, appears to be towards a more compact and 
potentially less flexible molecule, achieved in the thermostable proteins through 
additional interactions, fewer cavities, increased a-helix stability, better 
complementarity between the subunits of the dimer and an absence of flexible 
regions, such as loops and surface helices. A few of these features have been 
tested by site-directed mutagenesis, mutating pig citrate synthase to possess the 
feature observed in the Tp. acidophilum enzyme.
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Creating mutations at the subunit interface (mutants S139A and S139A/T146A) 
seemed to destabilise the protein slightly, probably through small conformational 
changes in the secondary and tertiary structure (Chapter 4). On the other hand, the 
cavity-filling mutants (S412Y and A118Y/S412Y) and the truncated mutant of pig 
citrate synthase were all expressed in inactive forms (Chapters 5 and 6). The 
mutations were homology-modelled into the pig citrate synthase structure prior to 
performing the site-directed mutagenesis of the gene, and in each the case the 
results indicated that such the mutant protein would be stable. The expression of 
soluble and active protein with the truncated mutant may have been a naive 
expectation, considering that the removal of the N-terminus of the protein may have 
affected the process of protein folding upon biosynthesis and also resulted in the 
exposure of hydrophobic residues that could lead to aggregation of the protein 
molecules. However, the similar results obtained with the expression of the two 
cavity-filling mutants in (Chapter 5) were somewhat surprising and rather 
disappointing. These examples with the various mutants of pig citrate synthase 
have highlighted how the theory of homology-modelling used in this instance is only 
concerned with the conformational stability of the folded protein structure, and has 
not taken into account the process of protein folding upon synthesis of the 
polypeptide chain. Thus, the modelled structure of a potential mutant protein should 
be analysed with caution. All being well, if the mutant protein is expressed in a 
soluble form and can be crystallised then the effects of the mutation can be studied 
in the true crystal structure of the protein.
The results of the subunit interface site-directed mutagenesis studies have 
emphasised what little effect these single-site amino acid exchanges have upon the 
thermostability of the pig citrate synthase. In order to achieve more significant 
changes in the relative thermal stabilities of wild-type and mutant citrate synthases, 
the step forward may be to create proteins that incorporate larger mutations, for 
example swapping the domains between the mesophilic and thermophilic enzymes. 
To explain, the monomer of pig and Tp. acidophilum citrate synthase consists of two 
domains, the large domain which is involved in intersubunit contacts in the dimeric 
molecule and the small domain which forms part of the active site in the enzyme. 
The conservation and orientation of binding and catalytic residues within the active
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site of citrate synthases from pig and Tp. acidophilum are in very close agreement. 
Thus, assuming that the domain-swapping mutant enzymes would retain activity, it 
would be interesting to find out what effect domain composition should have upon 
the relative thermostabilities of the two citrate synthase species.
In addition to characterising thermophily, members of our group are currently 
investigating the exact opposite, psychrophily. Will it be revealed that the 
psychrophiles have adapted to cooler habitats with the possession of proteins that 
have an increased flexibility and decreased compactness to their structure, i.e. 
features opposite to those observed in the two thermostable archaeal citrate 
synthases ?
Comparative analyses such as those mentioned above, highlight features that may 
be global to all thermostable proteins, although at the current stage in this research 
it appears that individual proteins have achieved the same goal of thermostability 
employing a variety of mechanisms. In addition to adding to the traffic rules, the 
analyses may also identify stabilising characteristics that are phylogenetically 
unique to each of the three domains of organisms. This type of characterisation can 
be accomplished in two stages, (i) by the comparison of mesophilic and 
thermophilic protein homologs whose host organisms are within the same domain, 
in order to identify protein thermostabilising features and (ii) a comparison of these 
features with those identified in the other two domains. Unfortunately with citrate 
synthase, we do not have the crystal structure of the enzyme from a mesophilic 
Archaeon. As with all the protein models studied so far, it is this lack of 3D 
structural data that has hampered the distinction between characteristics that are 
global to thermostable proteins and those that are unique to say, the Archaea. It is 
also unfortunate that only a small percentage of the protein models include archaeal 
structural homologs, quite disconcertingly so since the only hyperthermostable 
organisms isolated so far have been Archaea and thus proteins from these 
organisms are needed in order to characterise protein hyperthermostability.
The justification of research into characterising protein thermostability is often 
questioned, notably since biotechnology companies, that may require thermostable
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enzymes, are more likely to screen a range of thermophilic organisms in search of 
the desired enzyme with the suitable stability properties, rather than mutate a 
mesophilic equivalent of the required protein in order to produce a more stable and 
active homolog. This choice is primarily due the lack of rules that guarantee to 
introduce stability into any mesophilic protein. However, as the research into protein 
thermostability progresses, those general rules are likely to emerge and at the same 
time the techniques of protein engineering and our understanding of protein folding 
in vivo will also improve. There will still be a bottle-neck to the approach of 
engineering stability into an enzyme though, and that is the determination of the true 
3D structure of the protein required for informative decisions concerning the 
potential mutations. However, given the current rate of progress with molecular 
modelling techniques, the time should come when close approximations to the true 
3D structures of any protein can be made from the gene sequence alone. This 
statement is particularly relevant considering that gene sequences are solved at a 
much greater rate than protein structures are elucidated.
There are also those applications where the protein of required thermostability does 
not actually exist and thus there is no alternative but to engineer the enhanced 
stability into the existing homolog. An example of one such application is with the 
potential need for a hyperthermostable glucose dehydrogenase, a metabolic 
enzyme found in the moderately thermostable Tp. acidophilum and the extreme 
thermostable Archaeon S. solfotaricus, but unfortunately not discovered, as yet, in 
any hyperthermostable organisms such as P. furiosus.
There is still much research to be carried out before thermostability of any protein 
can be defined by the same set of criteria, and although the mutagenesis work on 
pig citrate synthase described in this thesis has not led to the identification of 
positive stabilising features in the enzyme, hopefully some of the other suggestions 
for investigation described in section 3.3.2 and discussed above, will help shed light 
on the enhanced stability of the archaeal citrate synthase molecules, and in turn 




SEQ UENC IN G  RESULTS:
For the manual sequencing gels, the sequence reads from the bottom of the gel upwards and the 
lanes are labelled with their respective nucleotide. For the automated sequencing (carried out by 
J Bartley, University of Durham) double-stranded pKK223-3 vector carrying the respective genes was 
used. The chromatograms are shown with the sequence labelled above (reading right to left, and 
colour-coded).
(a) Wild-type
C T A C A C C C C A T G T C T C A G C T C A G T G C A G C C A T T A C A G C C C T C A
(b) T146A C T A C A C C C C A T G T C T C A G C T C A G T G N A G C C A T T G C A G C C C T C A
C T  A C A C C  C C A - £ ---------------------------------T G G  C T  C A G C T  C A G  T G C A G C C  A T T * C A G C C  C T  <
(c) S139A/T146A
Fig. 1. (a) wild type pig citrate synthase
(b) the single interface mutant, T146A
(c) the double interface mutant, S139A/T146A. Bases 490 to 532 are shown. The arrows 
indicate the mutated nucleotides.
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(a) Wild-type
C T  G G A Q C C G A G
(b) S412Y
C T G G A T A C G  AG
(c) A118Y/S412Y
 t t - -
C T G G A TAC G AG
A A A G A G G G C A G C T  C T G
u
A AAG A G G A T A G C T C T G
Fig. 2 (a) wild type pig citrate synthase
(b) the single cavity mutant. S412Y
(c) the double cavity mutant, A118Y/S412Y. Bases 432 to 447 (bottom row) and 1317 to 
1327 (top row) are shown. The arrows indicate the mutated nucleotides.
(a) Wild-type
GG GC C  AA AT CAC TG TG
(b) Truncated mutant 
A C G T
Fig. 3 (a) wild type pig citrate synthase (by automated sequencing)
(b) the truncated mutant of citrate synthase (by manual sequencing). Bases 186 to 201 are 
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